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Abstract  

With the rapid development of energy materials, an increasing amount of nickel is  needed worldwide and 

the demand keeps increasing year by year. Simultaneously, efficient utilization of nickel process waste such 

as slag is receiving more attention  globally. Discarded smelter slags can also pose challenges of potential  en-

vironmental damage or waste resources. Consequently, recycling valuable metals from metallurgical pro-

cessing slags by eco-friendly methods  is of increasing importance as a research topic on a global scale.  

In this thesis, nickel smelter slag was investigated as a potential resource of valuable metals. Copper, cobalt, 

and nickel in the slag not only substituted iron atoms in fayalite but also existed in the metal sulfide. A com-

parison was made between the leaching behavior of valuable metals in  direct acid leaching and combined 

leaching in alkaline and acid solutions. The effect of parameters on leaching behavior was learnt  through  an-

alytical techniques such as scanning electron microscope-energy dispersive spectroscopy (SEM-EDS), atomic 

absorption spectroscopy (AAS), X-ray fluorescence (XRF), and X-ray diffraction (XRD).  

The results suggested that high-concentration alkaline leaching was efficient for fayalite disaggregation. The 

best extraction results in direct acid leaching (43% of copper, 70% of cobalt, and 66% of nickel) were achieved 

when nickel slag with  3 mm diameter was leached in 2 mol sulfuric acid at 70  for 4 hours. In combined 

leaching, the same nickel slag was leached in 4 mol sodium hydroxide first for 2.5 hours. The residue from 

alkaline leaching was further leached in 2 mol sulfuric acid for 5.5 hours, resulting in extraction  levels of 89% 

for  copper, 100% for cobalt and 98% for nickel. Gravity separation and magnetic separation were not found 

to be reliable for improv ing the grade of valuable metals in this nickel slag and they were not recommended. 

Some challenges were observed such as decreased the filtration performance  due to silica gel formation . 

This could be mitigated by using the appropriate filtering temperature ( ~ 70 ). Also, the use of hydrogen 

peroxide was shown to decrease the extraction of the target metals. It can be speculated that the releasing 

silicate formed silica gel, which also prevented the diffusion of metallic ions  into the solution . However, further 

experiments and analysis are needed to clarify the mechanism. 

Overall, this study compares the effect of direct acid leaching and combined leaching on copper, nickel, and 

cobalt extraction  with  different parameters.  Combined leaching was shown to dissolve the fayalite phase thor-

oughly and enhance the extraction of target metals in more efficient manner than direct acid leaching. This 

finding may pave the way toward valuable metals recovery from currently  underutilized industrial slag. 

Keywords  Nickel smelter slag, combined leaching, direct acid leaching, valuable metals 
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1  Introduction  

Nickel is a metal of strategic significance in many industries, widely used in stainless 

steel, hydrogen storage materials and power batteries. Worldwide nickel consumption has 

doubled between 2010 and 2021, from 1.465 to 2.851 million metric tons. Nickel has 

attracted widely interest from scientists worldwide because of its outstanding chemical 

performance (Moskalyk and Alfantazi, 2002). Nickel together with chromium is a domi-

nant alloy element in stainless steels, enabling corrosion prevention even under a high 

temperature. In stainless steel the element nickel compensates the decreasing toughness 

brought about chromium (Royal Society of Chemistry, 2022). A protective nickel oxide 

film contributes to the stability of austenitic alloys at high temperatures (Fomin et al., 

2019). The proportion of nickel used in stainless steel and alloys is about 85% of its global 

annual production, while use in batteries is increasing, being ca. 6% in 2022 (Government 

of Canada, 2022). 

Nickel is a necessary element in rechargeable batteries, such as nickel-cadmium (Ni-Cd) 

batteries, but also in nickelïmetal hydride (NiMH) and lithium ion batteries used for ex-

ample in electric vehicles (Chen et al., 2018). The use of nickel in batteries can reduce 

battery manufacturing costs as well as dependence on cobalt in energy storage systems. 

In Li-ion batteries, nickel-containing cathode materials come in many chemistries and 

offer the highest energy density. In nickel manganese cobalt (NMC) and nickel manga-

nese aluminum (NMA), the amount of nickel accounts for 33% and 80% respectively 

(Nickel Institute, 2022). According to the estimation of the Nickel Institute, the global 

share of nickel-containing batteries will increase form 39% in 2016 to 58% in 2025 (Fig-

ure 1) (Nickel Institute, 2022).  

However, the amount of nickel smelter slag as a byproduct cannot be ignored. There are 

more than 200 thousand tonnes of final slag from a nickel line and 400 thousand tonnes 

of slag from a copper line every year (Saari, V., Latostenmaa, P., Yliniemi, J., & Ohenoja, 

K., 2019). Excessive valuable metals in the waste may cause damage to the local envi-

ronment, nature imbalance and loss of metal resources. In other words, nickel smelter 

slag should be treated in such a way as to recycle the valuable metals. 
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Figure 1. Percentage of nickel-containing batteries in 2016 and 2025 (forecast) (Nickel 

Institute, 2022). 

This research studies nickel smelter slag treatment by both physical separation and hy-

drometallurgical methods. The specific objectives of this thesis are as follows:  

(a) To characterize nickel smelter slag element components, mineralogical compositions, 

particle size, acid mine drainage (AMD) and molecular layer deposition (MLD). 

(b) To analyze the effect of different parameters in acid leaching and combined leaching 

on metal extraction such as leaching time, temperature, particle size, acid concentra-

tion, and solid/liquid ratio. 

(c) To analyze the bottlenecks in leaching, such as the silica gel problem and negative 

influence of hydrogen peroxide, and to put forward a possible solution for these issues 

in nickel smelter slag treatment.  

The thesis includes the introduction and theory of experiment and the analysis and dis-

cussion of the research results. Chapter 2, a literature review, provides information about 

the background, development, and treatment methods of nickel and nickel slag. Chapter 

3 presents the theoretical background and the experiments applied in this work. Chapter 

4 focuses on slag leaching extraction, residue characterization, and compares the effect 

of leaching parameters on metals extraction. Chapter 5 briefly introduces separation 

methods that rely on gravity and magnetic characteristics. Finally, Chapter 6 puts forward 

possible upgrading options for the future and summarizes the whole research work. 
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2  Literature review  

In the literature review, nickel production, both globally and in Finland, is introduced. 

The geological features of both nickel sulfide matte and laterite ores are presented. The 

theory of metallurgical methods, especially flash smelting, is also described. For nickel 

smelter slags, the characteristics of different slags are compared and the application of 

nickel slag as construction materials and a secondary source of valuable metals are listed. 

Last but not least, the treatment methods are presented including both physical separation 

(e.g., magnetic and gravity separation) and hydrometallurgical methods. 

2.1  Global nickel production 

Nickel production is increasing to meet the rapidly increasing demand for nickel. Based 

on the statistics taken from the Statista website shown in Figure 2, the worldwide mine 

production of nickel reached 2700 thousand metric tons (kt) in 2021, up by 68.5% since 

2010 (M. Garside, 2022). The top five producers of nickel in 2021 were Indonesia, the 

Philippines, New Caledonia, Russia and Australia, which is the same as the top five in 

2020 (Figure 2). The amount of Indonesian nickel production ranked first, an increase 

from 760 thousand tons (2020) to 884 thousand tons (2021), up 16.35 thousand tons year 

on year (GlobalData, 2021; US Geological Survey, 2021). This is thanks to the expan-

sions of the Indonesian nickel industry and the application of high-pressure acid leaching 

(HPAL) technology. These positive signals attract more investment to the nickel industry, 

which contributes to steady growth (GlobalData, 2021). 
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Figure 2.  Nickel mine production in the top five nickel-producing countries in 2021 

(GlobalData, 2021) and 2020  (in 1000 metric tons)  (US Geological Survey, 2021).  

2.2  Nickel production in Finland 

In Finland, the amount of nickel production has risen from 10.6 thousand metric tons 

(2015) to a peak of 43.8 thousand tons (2018), increasing more than fourfold, as shown 

in Figure 3 (Garside, 2022).   

 

Figure 3. Mine production of nickel in Finland from 2015 to 2021 (in 1,000 metric tons) 

(Garside, 2022). 

In the Nordic region, the Fennoscandian shield is a geological condition that provides the 

Nordic countries with mineral deposits (Weihed et al., 2008). In Finland, nickel is one of 

the major products in mines such as Kevitsa, Kylylahti and Sotkamo Terrafame, as shown 

in Table 1 (Geological Survey of Finland, 2022). The official website of the company 

Boliden reports production and smelting of 25 to 35 thousand tonnes of nickel matte in 
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Rönnskär, Sweden and Harjavalta, Finland (Boliden Group, 2022). In addition, one to 

two thousand tonnes of crude nickel sulfate with 22-27% nickel content, a byproduct of 

copper production, is sold in the market (Boliden Group, 2022). Also, the Nornickel re-

finery in Harjavalta has a hydrometallurgical nickel refining process. In addition, the 

company Terrafame is developing the Sotkamo mine, one of the largest sulfide nickel 

deposits in Europe, to supply high-grade nickel for stainless steel, refineries, and smelters 

(Terrafame, 2022). In Figure 4 a) and b), the status of the mines, mine projects, and nickel 

mines are marked on the map.  

Table 1. Operating metal mines in Finland (Geological Survey of Finland, 2022). 

Mine name Company Commodities 

Sotkamo Terrafame Terrafame Ni, Zn, Co 

Kevitsa Boliden Ni, Cu, Co, Au 

Kylylahti*  Boliden Ni, Cu, Co, Zn, Ag, Au 

*Kylylahti mines were closed at the end of 2020. 
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(a) 

 
(b) 

 
Figure 4. (a) Mines and current mine projects in Finland. (b) Nickel map of Finland. 

Here purple dots represent nickel deposits in Finland. Data is supplied by the Geolog-

ical Survey of Finland (GTK) (Geological Survey of Finland, 2022). 
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2.3  Nickel ores 

The location of nickel reserves and the distribution of nickel mines have a significant 

effect on nickel production chains. According to the report by Mineral Commodity Sum-

maries 2021,  there are more than 300 million metric tons of land-based nickel resources, 

about 40% in sulfide ores and 60% in laterite ores (Mineral Commodity Summaries, 

2021). Furthermore, deep-sea exploitation is a novel research direction because of the 

considerable amount of metal deposits there (Heffernan, 2019). So far, however, there 

has been very little commercial exploitation due to the lack of regulation and industry 

supervision. 

The nickel content in nickel sulfide ores is usually less than 3%. Typical nickel sulfide 

ores are found, for example, in Jinchuan in southwestern China (Porter, 2016), Kotalahti 

in Finland (Makkonen, 2015) and Kambalda in Australia (Mamuse et al., 2009).  

Nickel ore includes nickel laterite ores and sulfide ores. The laterite is composed of four 

layers: an unweathered protolith at the base with olivine and pyroxene minerals, a sapro-

lite layer consisting mostly of Mg- and Ni-rich silicates in the second layer, a clay-rich 

zone in the third layer, and a limonite layer with iron oxides (yellow goethite and red 

hematite) on the top (Stankoviĺ et al., 2020). Figure 5 displays how different elements 

are distributed in the laterite zone (Myagkiy et al., 2019). In clay laterites, nickel ions can 

replace iron ions in the nontronite crystal lattice, which contributes 1-1.5% of the nickel 

concentration in this layer (Stankoviĺ et al., 2020). In the saprolite layer, the content of 

Ni is up to 2-3% due to substitution of Mg, but up to as much as 20% in garnierite-rich 

zones (Stankoviĺ et al., 2020).  

Since rock with rich mineral elements (such as iron, nickel, silicon, and magnesium) is 

decomposed by hydrolysis, redox reactions, and the weathering process, some mobile 

ions dissolve in water and are complexed with other mineral substances. This explains 

why nickel is concentrated in the middle zone (saprolite zone) but not at the top layer. 

Following the transport of acidic water, Ni dissolves first and then flows vertically, re-

precipitating after a series of chemical reactions (Chevillotte et al., 2006).  
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Figure 5.  Sectional view of typical laterite under weathering process (Myagkiy et al., 

2019).  

In comparison to the treatment of nickel laterite ores, the processing of nickel sulfide ores 

is relatively inexpensive and convenient (Crundwell et al., 2011a). Laterite ores with a 

high percentage of moisture require drying or calcining prior to further processing (Mudd, 

2010). Nickel sulfide ores are mined from both open-cut and underground mines. After 

mining, nickel sulfide ores are concentrated by flotation, and then the concentrates are 

smelted into nickel matte and refined to produce a pure metal, as shown in Figure 6 

(Mudd, 2010).   

 

Figure 6. General processing of nickel sulfide ores (Mudd, 2010). 

However, the high content of magnesium oxide and silicate in aggregate low-grade nickel 

sulfide deposits leads to difficulties in flotation processing and prevents the concentration 

of nickel sulfide ore (Cui et al., 2020). This is because the serpentine minerals form a 



 

9 

 

coating and attach to the surface of the valuable minerals. This means that the concentrate 

is diluted in the flotation process (Edwards, Kipkie and Agar, 1980). The grades of valu-

able metals in nickel sulfide ores vary greatly, which dictates the smelting process and 

methods. A brief comparison between Jinchuan (China) (Zhen et al., 2008), Allarechensk 

TD (Russia) (Yanishevskya et al., 2021), and Talvivaara (Finland) (Puhakka, Kaksonen 

and Riekkola-Vanhanen, 2007) is shown in Figure 7.  

 

Figure 7. The copper, cobalt and nickel grade in three nickel sulfide ores. From top to 

bottom, the cobalt grades in the three mining areas are 0.02, 0.008 and 0.023 (Puhakka, 

Kaksonen and Riekkola-Vanhanen, 2007; Zhen et al., 2008; Yanishevskya et al., 2021). 

Manganese crusts and nodules on the ocean floor became important avenues for explora-

tion when Hjalmar Thiel found nodules in the Pacific Oceanôs Clarion-Clipperton zone 

(CCZ), a zone on the sea floor with the largest untapped collection of rare-earth elements 

in the world (Heffernan, 2019).  

The mineral deposits include abyssal plains with metallic nodules, a metal-rich crust, and 

massive sulfides abundant in noble metals such as copper, gold and silver. According to 

the estimation of James R. Hein (Hein et al., 2013), CCZ reserves contain 27. 4 million 

tons of nickel while global terrestrial reserves are 150 million tons nickel (Figures 8 and 

9). Deep-sea exploitation has great potential for mineral collection as long as the negative 

effects on the marine environment can be kept under control. So far, the technology of 

deep-sea exploitation and legislation of the international environment has not matured 
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enough, which means commercial deep-sea exploitation is likely to bring uncertain risks 

and hazards to marine organisms (Heffernan, 2019).  

 

Figure 8.  Comparison of element content in CCZ and terrestrial reserves (Hannington, 

Petersen and Krätschell, 2017). 

 

Figure 9.  Element deposit distribution in CCZ and terrestrial reserves (Hannington, Pe-

tersen, and Krätschell, 2017). 
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2.4  Nickel metallurgy 

Based on the characteristics and components of the minerals, there are multiple metallur-

gical methods to produce nickel: encompassing pyrometallurgy (Diaz et al., 1988; König, 

2021), hydrometallurgy (Stankoviĺ et al., 2020), electrometallurgy (Free et al., 2012), 

biological metallurgy (Zhen et al., 2008; Ferron, 2013; Riekkola-Vanhanen and Palmu, 

2013; Cui et al., 2020), or a combination of the above.  

The metallurgical processing of sulfide matte and laterite ore is presented briefly in the 

flow charts shown in Figures 10 and 11. Sulfide ore is treated by flotation to produce 

sulfide concentrates, and then smelted and converted into a nickel-rich matte, as shown 

in Figure 6. Following smelting, different leaching and refining processes are utilized to 

produce nickel metal (Figure 10) (Moats and Davenport, 2014). There is also one unique 

heap leaching process for nickel sulfide ores, at Terrafame (Finland). This plant operates 

by applying heap bioleaching with natural bacteria under subarctic conditions, with a re-

covery of 99% nickel and zinc, 22% copper, and 35% cobalt after secondary leaching 

(Terrafame, 2022). 

 

Figure 10.  Flow chart for nickel-rich matte to produce nickel metal (Moats and Daven-

port, 2014). 

As for laterite ore, the processing route depends on the composition of the ore. Saprolite 

is the lower layer of laterite ore with lower iron and higher magnesium content, treated 

by a pyrometallurgical process to produce slag and ferronickel, as shown in Figure 11 a). 

A small amount of saprolite ore is smelted to matte and sent to matte refining from a 

sulfide process. Limonite as the upper layer in laterite ores with higher iron and low mag-

nesium content is processed by hydrometallurgical methods: leaching at high pressure 

and temperature, followed by sulfide precipitation or hydroxide precipitation by adjusting 
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the pH value. The precipitates are eventually refined by hydrometallurgical methods to 

produce nickel metal, as shown in Figure 11 b) (Moats and Davenport, 2014). 

(a) 

 
(b) 

 
Figure 11. Processing flow chart of laterite ores with different components (modified 

from Moats and Davenport, 2014). 

Figure 12 shows the flow of nickel extraction from raw Ni-laterite by smelting ore at a 

high temperature (König, 2021). The whole process can be regarded as comprising three 

sections, including raw materials preparation, smelting and refining.  
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Figure 12.  Flow chart of nickel extraction by a pyrometallurgical method. Stars refer to 

samples analysis (König, 2021). 

The first use of flash smelting, as one of the most important pyrometallurgical methods, 

was commissioned in Harjavalta in 1949 for copper ores and in 1959 for nickel. Today, 

flash smelting is the most important smelting technology in copper and nickel production 

in the world (Johto et al., 2018). 

Nickel and copper production by flash smelting can be implemented with flash smelting 

furnace for smelting and an electric furnace for recovery, as shown in Figure 13. Here, 

ESP represents electrostatic precipitator while EF stands for electric furnace, and FSF 

refers to an the abbreviation of flash smelting furnace (Moats and Davenport, 2014).  
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Figure 13. Flowsheet of Boliden Harjavalta nickel smelter (Johto et al., 2018). 

Nickel and other metals are enriched into a molten matte by (a) oxidizing sulfur and re-

moving sulfur dioxide gas, (b) oxidizing and removing Fe by means of molten silicate 

slag, and (c) removing gangue with the aid of molten slag. In flash smelting, the oxidation 

reaction of sulfides is an exothermic process and most of the generated heat is used for 

smelting.  

Continuous air, silica flux, and dried sulfide concentrate (e.g., pentlandite (.ÉȢ&ÅȢ3) 

and pyrrhotite (&Å3)) are fed into the furnace, and produce nickel sulfide, iron oxide 

and sulfur dioxide. Subsequently, iron is removed by oxygen-enriched air and silica di-

oxide at high temperature (1200-1250ᴈ) in PeirceïSmith converters (reaction 1) (Moats 

and Davenport, 2014; Bacedoni, Moreno-Ventas and Ríos, 2020). In addition, sulfur re-

acts with oxygen and produces sulfur dioxide off-gas. Since Fe oxide and unoxidized Fe 

form two immiscible phases, and Fe is more active than Ni, Cu and Co, it is possible to 

separate iron from mattes as shown in reaction 1 (Moats and Davenport, 2014). Unox-

idized nickel, copper and cobalt end up in sulfide matte. 

ς&ÅÌ / Ç 3É/ Óᴼ&Å3É/ Ì ρ 

After Ni smelting in the flash furnace, both sulfur dioxide gas and slag from the converter 

are collected separately (Figure 14). The slag is sent into an electric matte settling furnace 

to recover the lost nickel in the Peirce-Smith converting process. The sulfur dioxide gas 

is shipped to an acid plant after cleaning by electrostatic precipitation. Purified sulfur 

dioxide is utilized in the production of sulfuric acid. 
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Figure 14. Ni and Cu production chain of Boliden Harjavalta (Saari, V., Latostenmaa, P., 

Yliniemi, J., & Ohenoja, K., 2019). 

The following steps of the Boliden Harjavalta process after smelting and refinement of 

nickel matte are shown in Figure 15. In two parallel circuits, the flash furnace (FSF) matte 

and the electric furnace (EF) matte are leached separately in different conditions. The 

output of the smelter includes both intermediate products (metal sulfides and PGM con-

centrate) and high-purity metals in the forms of nickel briquettes, cobalt powder, and 

copper cathodes (Mukherjee, 1998). 

 

Figure 15.  Flowsheet of cobalt and nickel recovery at the Boliden Harjavalta smelter 

(Outokumpu) (Mäkinen and Taskinen, 2008). 
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However, one disadvantage of flash smelting is that about 4% of nickel is lost in slag due 

to the high oxidation degree, and the same phenomenon concerns cobalt as well (Mukher-

jee, 1998; Mäkinen and Taskinen, 2008). This sets a requirement for an electric slag 

cleaning furnace to recycle some of the lost metal to ensure that the total loss of nickel in 

the slag is less than 0.5% (Mukherjee, 1998; Crundwell et al., 2011b). Since the direct 

Outokumpu flash-smelting nickel (DON) process was invented in the post-Second World 

War in Finland, many innovations and upgrades of flash furnaces have contributed to the 

application of this technology in the 20th century (Kojo, Jokilaakso and Hanniala, 2000). 

Boliden Harjavalta applied the new process without the Peirce-Smith converter in 1995 

to simplify the existing process (Figure 16) (Mukherjee, 1998). When the DON process 

was applied, the total mass of matte increased from 36% to 69% and the mass of waste 

slag decreased from 64% to 31%, contributing a significant effect on the recovery effi-

ciency. Additionally, the recoveries of nickel, copper, and PGMs were maintained at a 

high level (Mäkinen and Taskinen, 2008). 

 

Figure 16.  A comparison of cobalt matte production between a) the DON process and b) 

traditional flash smelting with the Peirce-Smith converting process. Data derived from 

real manufacture (Mäkinen and Taskinen, 2008).  

Another significant advancement took place in 1971 when Outokumpu adapted oxygen-

enriched air to break the bottleneck of Cu and Ni smelting capacity (Kojo, Jokilaakso and 

Hanniala, 2000). In 2017, the flash furnace for nickel in Harjavalta was rebuilt to replace 

uniform cooling with sectional cooling to enhance the heat transfer efficiency of the 
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furnace. Additionally, the increased water cooling in the new design played an essential 

role in prolonging the furnace life cycle (Johto et al., 2018). Further, solidified nickel 

matte is regarded as a feed material and mixed with gas in an accurate ratio under the 

control of the concentrate burner to achieve good and stable combustion in the DON pro-

cess (Mäkinen and Taskinen, 2008). 

All in all, f lash smelting has obvious advantages in energy utilization, waste gas treatment 

and improvement of metal recycling (Habashi, 2005; Moats and Davenport, 2014). Flash 

smelting utilizes most of the heat originating from iron and sulfur oxidation in the con-

centrate feed. Second, flash smelting provides new insights into waste gas treatment. The 

3/ waste gas formed in flash smelting is absorbed by sulfuric acid to avoid atmospheric 

contamination (Kojo, Jokilaakso and Hanniala, 2000; Habashi, 2005). In addition, reduc-

ing the PS converting step circulation is a key point to prevent metals from being lost in 

the recycling process (Moats and Davenport, 2014). 

2.5  Nickel smelter slag 

Every year, a huge quantity of smelter slags with fayalite containing iron oxide and silica 

dioxide are produced from Cu and Ni ores and concentrates by smelting and converting. 

Surveys such as that conducted by Saari (Saari, V., Latostenmaa, P., Yliniemi, J., & 

Ohenoja, K., 2019) from Boliden Harjavalta have shown that there are more than 200 

thousand tonnes of final slag from the nickel line and 400 thousand tonnes slag from the 

copper line every year. Approximately 20 million tons of copper smelter slag are pro-

duced in China every year (Shi et al., 2020).  

Since valuable metals in smelter slags such as cobalt, nickel and copper could the poten-

tially be recovered appropriately, the components of nickel smelter slag and possible 

treatment methods are discussed below. 

2.5.1 Components of nickel slag 

In smelting and converting processes, fayalite slag is formed when iron sulfide is oxidized 

to iron oxide and reacts with silica. In the slag, there is 32% to 52% iron in the form of 

fayalite (&Å3É/) as the major phase and the remainder of iron is in the form of magnetite 
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(&Å/ ) as the minor phase (Shen and Forssberg, 2003). The main subject of this section 

is the nickel smelter slag produced in the direct Outokumpu flash-smelting (DON) pro-

cess. 

As mentioned in Section 2.4, DON technology is an advanced metallurgical method, de-

veloped over the last seventy years. The DON process has been applied to treat many 

large mineral deposits worldwide. Since the chemical characteristics of different nickel 

ores are influenced by the local environment and geological conditions and there are op-

erational differences between smelting processes, the compositions of nickel smelter slag 

can vary. For example, the DON slag samples from Boliden Harjavalta in Finland in-

cluded 92 wt.% olivine, 4.6 wt.% magnetite and 3.2 wt.% silicate glass. The mineral com-

position of a sample from South Africa contained olivine and magnetite mainly, with 85 

wt.% and 15 wt.% in the flash smelting slag, and 97 wt.% and 3 wt.% in the electric arc 

smelting slag, respectively (Waanders and Nell, 2013). 

The composition of nickel slag from four sites: Bushveld Igneous Complex (South Af-

rica) (Waanders and Nell, 2013), Jinchuan (China) (Li et al., 2014),  Harjavalta (Finland) 

(Adediran, Yliniemi and Illikainen, 2021), and Selebi-Phikwe (Botswana) (Ekosse et al., 

2005) is presented in the pie chart in Figure 17. It illustrates that both iron oxide and silica 

dioxide each account for more than 30 wt.% as the dominant phases of the slag. Therefore, 

the nickel smelter slag is also called &Å/3É/ slag. These mineral phases of nickel slag 

mainly include olivine as a major component and magnetite as a minor component 18 . In 

addition to the elements presented in the pie charts (Figure 17), other trace elements may 

also exist in the Selebi-Phikwe slag, such as 7220 ppm Zn, 1040 ppm Co, 420 ppm Mn 

and 150 ppm Ni. 
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(a) Bushveld Igneous Complex, South Africa 

 

 

(b) Jinchuan, China 

 

(c) Harjavalta, Finland 

 

(d) Selebi-Phikwe, Botswana 

 

Figure 17. Chemical compositions of nickel slag from a) Bushveld Igneous Complex 

(Waanders and Nell, 2013), b) Jinchuan (Li et al., 2014), c) Harjavalta (Adediran, Yliniemi 

and Illikainen, 2021), and d) Selebi-Phikwe (Ekosse et al., 2005) by XRF (wt.%). Here, iron 

in a) and d) is donated by fayalite and &Å/. 
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Olivine is a magnesium-iron silicate with different ratios of -Ç Ⱦ&Å. The constituents 

of the solid structure are fayalite (&Å3É/) and forsterite (-Ç3É/). In the schematic of 

the fayalite structure (Figure 18 a), the iron atoms (brown spheres) are surrounded by 

oxygen and silicon atoms. In the real fayalite structure of a sample, the iron atoms can be 

replaced with the closest transition metals in the same period, such as nickel, cobalt and 

copper atoms. 

Figure 18 illustrates the location of elements in the crystal lattice as shown by VESTA 

software. Data on the fayalite structure (Hazen, 1977) and magnetite structure (Haavik et 

al., 2000) is taken from American Mineralogist Crystal Structure Database. 

(a) fayalite  

 

(b) magnetite 

 

Figure 18.  Phase structure of a) fayalite and b) magnetite. O is represented by red, Si by 

blue, and Fe by brown (Hazen, 1977) (Haavik et al., 2000).  
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2.5.2 Challenges posed by nickel smelter slag 

When nickel production increases rapidly, the amount of nickel slag grows dramatically 

at the same time. Several studies have investigated waste production and the negative 

effect posed by discarded nickel slag. Research by Iwan Susanto estimates that the total 

amount of nickel slag will reach 14.17 million metric tons in 2019-2024 in Indonesia 

(Susanto, Ranastra Irawan and Hamdani, 2020). One study (Michaeli, Boltiziar and 

Ivanova, 2009) on Sered nickel ore reports that about 6.5 to 8.5 million metric tons of 

metallurgical waste was dumped in the last 30 years over 27 hectares of plains near the 

River Vah in Slovakia. 

These large amounts of waste disposal cause serious environmental concerns. Based on 

the study from Slovakia (Michaeli, Boltiziar and Ivanova, 2009; Michaeli et al., 2021), 

serious and irreversible damage has been caused by untreated slag. From 1963 to 1993, 

the imported low-quality iron-nickel lateritic ore was treated by reduction roasting and 

ammonia leaching, using more than five thousand metric tons of caustic chemicals every 

year, forming abundant waste. The landfilling of the waste resulted in issues with soil 

remediation. Although nickel production stopped in 1993, the landfilled metallurgical 

waste became an environmental hazard, causing harm to the local ecosystem, agricultural 

development and the health of residents. 

Consequently, if nickel smelter slag is stored inappropriately, pollution of the local envi-

ronment may occur (e.g., soil contamination) and requiring additional investment (Shen 

and Forssberg, 2003). However, slag also contains valuable metals such as nickel and 

may also be considered a secondary raw material.  

2.5.3 Applications 

If the accumulation of smelting slag is discarded without any pretreatment, not only are 

the valuable metals wasted, but the environment may also be contaminated (Shi et al., 

2020). Therefore, there has been increasing interest in utilizing smelter slags as construc-

tion material, or as a secondary resource for metals recovery. Since the components of 

copper smelter slag are quite similar to that of nickel smelter slag, including a large 
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amount of iron and silicon and a small quantity of copper, nickel, and cobalt, the applica-

tions of copper smelter slag can be used for reference. 

First, one established application for slag is to reuse it as raw material for functional ma-

terials or building materials (Wang, 2016; Wang et al., 2021). It has been suggested that 

residue-containing silica gel could act as a moisture gel because the silica matrix remains 

stable and durable when adsorbing frequently (Li et al., 2014). Some researchers have 

reported the application of copper slag in cement clinker production because &Å3É/ a 

major component with a low melting point can reduce the calcination temperature to save 

energy (Wang, 2016). Besides, since &Å3É/ also provides an iron element, it is regarded 

as a substitute for iron powder to improve cement clinker production through better per-

formance (Wang, 2016). However, when the particle size of concrete-based materials is 

smaller, the setting time is longer. The smaller particles increase the density of bulk ma-

terials, but over-high density has adverse effects on concrete performance (Wang et al., 

2021). 

In addition, slags containing various metals are regarded as secondary resources for metal 

recovery. In copper smelter slag from Yunnan China, 0.64 wt.% Cu is in the form of #Õ3 

(Shi et al., 2020), which is attractive for metal recovery. In the Vale Inco nickel smelter, 

the slag contains 1 wt.% Ni, 1.1 wt.% Cu and 0.2 wt.% Co (Li, Papangelakis and 

Perederiy, 2009). Although the concentrations of valuable metals in the slag are not high, 

the total mass might be significant due to the large quantities of slag. The annually in-

creasing mining of nickel ores ensures that slag can be regarded as a stable secondary 

resource in the future also.  

However, the complexity involved in metals recovery may also lead to high processing 

costs and chemical or energy consumption (Shi et al., 2020). Therefore, it is urgently 

needed to seek technological innovations and solutions to address metals recovery from 

these underutilized secondary raw material fractions. 

2.6  Metals recovery from Ni-slag  

In this section, the recovery methods for valuable metals from nickel smelter slag are 

discussed, including physical methods and chemical methods. Physical methods such as 
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magnetic separation and gravity separation rely on the physical features of the materials 

involved. Hydrometallurgical methods implement metal extraction via chemical/electro-

chemical reactions into solution and the consequent solution purification and metal re-

covery under determined pressure, temperature and pH value. 

2.6.1 Magnetic separation  

Physical properties such as magnetic properties can be used to separate magnetic fractions 

from raw materials. This can be considered an enrichment method with relatively large 

capacity and low running cost (Xiong, Lu and Holmes, 2015). The working principle of 

the magnetic separator is presented in Figure 19 where separation occurs when the mag-

netic force Æ is larger than the gravity of particle G, having an impact on the magnetic 

particles to complete separation (Xiong, Lu and Holmes, 2015). 

 

Figure 19.  Principle of magnetic separation. Black represents magnetic particles and 

white non-magnetic particles; Æ: the magnetic force between the magnet and the mag-

netic particle; G: the gravity of the particle; S and N: the south and north poles of the 

magnet (Xiong, Lu and Holmes, 2015). 

The force relationship between the magnetic force Æ (upper) and gravity G (down) can 

be written as mathematical equations 2 to 4: 

Æ ' ς 

Æ ÍϽʔϽʈϽ(ϽÇÒÁÄ( σ 
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' ÍÇ τ 

Where Í is the particle mass; ʔ is the magnetic susceptibility (ÍȾËÇ); ʈ is the perme-

ability of a vacuum (constant ʈ τʌ ρπ (ȾÍ ); H is the magnetic field intensity 

(A/m), grad (H) is the magnetic field gradient !ȾÍ , as in equation 5. ɝ, is the distance 

between two magnetic particles. 

ÇÒÁÄ(
( (

ɝ,
ȟɝ,O π υ 

To attract a magnetic particle, the following terms must be satisfied, written as equations 

6 and 7:  

Æ ' φ 

ʔϽʈϽ(ϽÇÒÁÄ( Ç χ 

Since magnetic susceptibility and permeability are constants under a certain condition, 

magnetic force Æ is controlled by magnetic field intensity and gradient. Normally, the 

magnetic separation is carried out under atmospheric pressure and the magnetic particles 

are mixed with water or some other solution. This means that the effect of operating con-

ditions and other forces in the gravity direction should be considered as well (Xiong, Lu 

and Holmes, 2015). Therefore, sufficient magnetic force in the magnetic field is the key 

factor for recovering metals. 

2.6.2 Gravity separation 

Gravity separation is a reliable technique for separating minerals based on the specific 

gravities (SG) of particles. This physical method can be considered cost-efficient and 

chemical-free. Besides, gravity separation is relatively innocuous to the environment and 

has been developed into several applications, including jigs, spirals, shaking Tables (wet 

and dry), etc. (Falconer, 2003).  

Figure 20 presents a wet Deister table for segregating nickel slag particles into different 

size fractions by horizontal shaking and water flow. 
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Figure 20. Shaking table structure (GTK). 

When the shaking tables move horizontally, the raw material is separated into two layers: 

the fine particles in the bottom layer and the coarse particles on the top if the particles 

have the same density, or light particles on the top and heavy particles at the bottom if the 

particles have a different density, as shown in Figure 21. 

 

Figure 21. Segregation of particles by horizontal shaking motion (Ashok and Denis, 

2016). 

The table consist of a washing water pump, feed box and a flat surface with a series of 

riffles along the moving direction (Figure 22 a). The washing water is used to transport 

the particles along the tilting surface. The riffles on the surface prevent particles from 

being washed away immediately. With the help of water flow and horizontal motion, the 
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particles cross the table from the corner to the other end of the deck. The fine and high 

specific gravity particles are transported by the riffles and arrive closest to the deck, and 

are finally discharged from the uppermost part of the table. The coarse particles with low 

specific gravity cross the riffles and are discharged from the lowest edge of the table 

(Falconer, 2003). The collected materials are categorized into three types: rougher 

concentrate (fine and heavy particles), middlings (intermediate grains), and tails (coarse 

and light particles), as shown in Figure 22 b).  

 

 

Figure 22. Shaking table: a) plane view; b) cross and profile action behind the riffles 

(Falconer, 2003). 
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To control the separation efficiency, variables such as deck design, feed rate, wash water 

flow, and particle density should be taken into account. For example, the angle of the 

deck is inversely proportional to the weight of the concentrate, i.e., the steeper the angle, 

the less the concentration. In addition, a high riffle height is better for coarse feeds. Wash 

water is added along the top of the table to keep the particles moving smoothly, reducing 

the solids packing on the deck. 

The advantage of a wet table is high selectivity with a high upgrading ratio and flexible 

adjustment since operators can observe the running state, avoiding the challenges posed 

by different ores. One disadvantage of gravity separation is its low capacity in comparison 

to other separation methods (Ashok and Denis, 2016).  

2.6.3 Hydrometallurgical methods 

Hydrometallurgical methods include several unit processes, starting from metal extrac-

tion using acidic or alkaline solution (leaching), followed by solution purification (e.g., 

cementation, precipitation) and or separation (e.g., solvent extraction), and final recovery 

of metals from the purified solutions (e.g., electrowinning). The aim of leaching is to 

achieve efficient metal extraction and good solid/liquid separation properties such as 

slurry filterability.  

2.6.3.1 Acid leaching 

Acid leaching is frequently used in hydrometallurgy to dissolve targeted metals in acidic 

solution e.g., during the extraction of copper, cobalt, and nickel from copper or nickel 

slags (Habashi, 2005). During process optimization, parameters such as temperature, 

pressure, acid concentration, solid-liquid ratio, and redox-potential may be studied.  

Since high-pressure acid leaching (HPAL) has some obvious advantages, many research-

ers have investigated HPAL extraction and its kinetics (Li, Papangelakis and Perederiy, 

2009; Perederiy, 2011; Rivera et al., 2019; Shi et al., 2020). For example, Perederiy in-

vestigated the leaching performance of valuable metals from nickel smelter slags by high-

pressure oxidative acid leaching (Perederiy, 2011). More than 95% Ni, Co, and Cu were 

found to be extracted after 45 minutes leaching in 70 g/L sulfuric acid at 250 ᴈ, and 6.2 
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bar partial oxygen pressure. In another study, oxygen pressure acid leaching has been 

applied for copper slag, achieving more than 97% Cu recovery and less than 2% silicon 

(Li et al., 2018). 

The formation of silica gel leads to difficulties in filtration and crud formation problems. 

In sulfuric acid leaching, iron (II) oxide is dissolved and silica gel formed as in reaction 

8, given below (Wang et al., 2022). Silica colloid formation prevents filtration after leach-

ing, resulting in the loss of metal extraction (Li et al., 2018). 

ς&Å/z3É/ Ó ς(3/ Ìᴼς&Å3/ ÁÑ (3É/ ÁÑ ψ 

Some solutions have been put forward to avoid difficult filtration. For example, hydrogen 

peroxide has been utilized in acid leaching as an oxidant. Banza et al. (2002) solved the 

problem by leaching copper slag (1.43% Cu, 0.72% Co, 20.7% Fe, 15.37% Si) with a 

combination of sulfuric acid and 50 vol.% hydrogen peroxide at 70 ᴈ and pH 2.5, achiev-

ing an overall recovery of 80% Cu, 90% Co, and 90% Zn (Banza, Gock and Kongolo, 

2002). If hydrogen peroxide is added to an acid environment, it is suggested that &Å//( 

is produced via reactions 9 and 10 (Banza, Gock and Kongolo, 2002):  

ς&Å/Ó (3/ ÁÑO &Å3/ ÁÑ (/Ì ω 

&Å3/ ÁÑ (/ ÁÑ ς(/Ìᴼς&Å//(Ó ς(3/ ÁÑ ρπ 

Silica gel also prevents REE elements leaching from bauxite smelter residue (Falayi, 

Freeman and Okonta, 2015; Rivera et al., 2019). Rodolfo Marin Rivera (Rivera et al., 

2019) utilized acid leaching in a titanium autoclave at 130 ᴈ and the silicon dissolution 

was less than 0.5 wt.% since the water was evaporated at high temperature. In this case, 

the hydrated silica content was controlled at a low level. If the silicon concentration in 

the solution is less than 0.5 ÇȾ,, there is no obvious silica gel formation (Rivera et al., 

2019). According to Falayiôs report (Falayi, Freeman and Okonta, 2015), precipitated and 

dehydrated silica is easier to filter (reaction 11).  

-3É/Ó ς(3/Ì τÎ ς(/Ìᴼς-3/ϽÎ(/Ì 3É/ÆÉÌÔÅÒÁÂÌÅρρ 
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Some environmentally-friendly leaching approaches have been proposed to reduce chem-

ical consumption. In a study about valuable metals dissolution by high-pressure oxidative 

acid leaching (HPOXAL), pyrrhotite tailings may provide additional sulfuric acid com-

pounded with pyrite or pyrrhotite for nickel slag acid leaching, as in reaction 12. 

&Å3 Ó ρχȢςυψ/ Ç ψ(/ÌᴼσȢυ&Å/ Ó ψ(3/Ì ρς 

The experiment was accomplished by co-leaching nickel slag with pyrrhotite tailings at 

250ᴈ and 6.2 bar partial oxygen pressure. The extraction of nickel, cobalt and copper 

reached 95-97% after 45 minutes, which is a similar outcome to that of nickel slag leach-

ing in 68 g/L sulfuric acid (Perederiy, 2011). 

Biological leaching is one of the advanced hydrometallurgical methods due to its poten-

tially lower requirement for chemicals. Kaksonen (Kaksonen et al., 2011) applied acid 

bioleaching in the recovery metals from copper smelter slag. The solubilization of metals 

after 39 days of leaching achieved 92% Cd, 63% Co, 68% Cu, 58% Fe, 43% Ni, and 65% 

Zn. After leaching, metals were recovered as sulfide precipitates at an adjusted pH value. 

It is worth noting that more than 98% Cu and 99% Zn precipitated at pH ςȢψ  and 

σȢω, respectively (Kaksonen et al., 2011). 

A similar idea was applied in another study. Kinnunen (Kinnunen et al., 2020) compared 

chemical leaching by (./ and (3/  and biological leaching to treat the copper slag. 

Here ferric iron generated by microorganisms is a strong oxidation agent, which contrib-

utes to the extraction of copper. The extraction levels of chemical leaching (pH 1.5) were 

higher than those of bioleaching, for Cu (71% vs. 51%), Co (70% vs. 36%), and Zn (65% 

vs. 44%). In addition, (./ performed slightly better than (3/  in preventing gelati-

nous phase formation. 

Bioleaching could consume less acid chemicals to some extent, which may be beneficial 

considering sustainability and environmental aspects. Besides, the bioleaching residue 

can be applied as a supplementary cementitious material in calcium aluminate cement, to 

obtain a building material with higher quality (Kinnunen et al., 2020). Considering the 

aforementioned aspects, bioleaching can potentially be an alternative to slag leaching. 
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2.6.3.2 Combined leaching 

In combined leaching, sodium hydroxide has been used to disaggregate the silica network 

first, followed by metals extraction by the acid solution. Iron in fayalite can be substituted 

by other valuable metals such as Ni, Co and Cu in various ratios. On the atom level, iron 

is surrounded by silica dioxide in the fayalite structure (Figure 18 a). If the mineral phases 

can be decomposed by some chemical reactions, the targeted elements will be released, 

which contributes to the extraction of valuable metals. 

NaOH solution in high concentration and high temperature can react with silica dioxide 

to break the fayalite structure, as reaction 13 shown. This offers a feasible method for a 

high degree of extraction of the valuable metals in the slag (Zhang et al., 2021). 

3É/ Ó ς.Á/(ÁÑO .Á3É/ ÁÑ (/Ì ρσ 

However, the liberated valuable metals in the slag cannot dissolve in alkaline media, so 

alkaline leaching must be combined with subsequent acid leaching. Combined leaching 

can be regarded as a combination of different leaching methods to obtain the optimal 

extraction. The most common concept of combined leaching considers acid leaching for 

metal dissolving and alkaline leaching for component separation. 

Except for precipitating metal ions, an alkaline solution is also applied in the silica gel 

reaction to reduce the filtering limitation imparted by silica acid. Meng L. et al. (2015) 

disaggregated the &Å3É/  phase from copper slag by means of NaOH and then the alka-

line residue was leached in an acid solution under different conditions. The optimal con-

ditions for alkaline disaggregation were under 130 ᴈ for 4 hours when the l/s ratio was 

5:1 and the alkali/dust mass ratio was 1.5:1. In the subsequent (./ (/  leaching, 

the extraction of Fe and Cu reached 41.5% and 99.9% respectively, and the content of 

As, Cu and Pb in the treated slags met the requirements of the environmental standards 

(Zhang et al., 2021).  

Since the connections between the Fe-O-Si bond are broken, more valuable metals are 

released into the solution and leaching efficiency in acid is improved (Zhang et al., 2021). 

The process of valuable metal liberation from fayalite is illustrated in Figure 23.  
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Figure 23.  Mechanism of alkali disaggregation of &Å3É/ coupled with acid leaching 

(Zhang et al., 2021). 

The silica gel can be turned into high-purity silica by NaOH dissolution and silicate acid-

ification. Wang (Wang et al., 2022) applied sulfuric acid leaching to achieve more than 

98% metals extraction of Cu, Co, Ni, and Zn from copper slag (Jinchuan, China) in the 

process cycle. Then the silica acid gel was dissolved in NaOH solution to produce 

.Á3É/. Finally, the acidification of .Á3É/ was carried out to produce 99.9% pure 

silica (Figure 24) (Wang et al., 2022).  

 

Figure 24.  Resource utilization of copper slag. The magnet marks represent magnetic 

separation and the flame mark denotes calcination in a muffle furnace (Wang et al., 2022). 
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3 Materials and methods  

Based on the theoretical introduction above, a reliable experiment plan is introduced be-

low, including both metallurgical methods and physical separation methods. The subse-

quent analysis and characterization of the leaching solution samples and residues are also 

provided here, such as atomic absorption spectroscopy (AAS), X-ray diffraction (XRD), 

and scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS). 

3.1  Raw material characteristics and preparation 

The nickel smelter slag used in this thesis work was from Boliden Harjavalta Oy in Fin-

land. This nickel slag is a granular slag. 

The particles in the black ash have a light metal luster on the surface, which can be ob-

served under light. Moist particles with uneven particle sizes have agglomerated in the 

sample material. The average particle size is about 3 mm (Figure 25).  

 

Figure 25. Nickel-slag from the Harjavalta smelter. 

The mineralogical composition measured by XRD (GTK, Finland) is shown in Figure 26. 

The mass fraction of the mineral phases in nickel slag includes 84.4% fayalite, 14.1% 

magnetite and 1.5% silicate glass. Here, clay with a size fraction of less than 2 microns 

was used for diffraction and Rietveld refinement by HighScore software was utilized for 

quantified analysis.  
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Figure 26. The XRD intensity graph of nickel smelter slag (X-ray Mineral Services 

Ltd.). 

In addition, the chemical compositions of the raw materials were analyzed by X-ray Min-

eral Services, Finland, using XRF, as shown in Table 2. Major elements were analyzed 

on pellets using the Fundamental Parameter approach. The raw material consisted of iron 

(38.5%) and silicon (14.3%), mainly in the fayalite phase. Additionally, the material con-

tained valuable metals such as Cu, Ni, and Co. 
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Table 2. Multi -element analysis by XRF of a pellet (Method 180X-O) (X-ray Mineral 

Services Ltd.) 

Element Value (%) Element Value (%) 

Cr  0.114 Cs 0.002 

V 0.010 Sb 0.009 

Cu <0.3 Si 14.3 

Ni <0.3 Ti  0.392 

Co <0.3 Mn 0.030 

Ba 0.014 Mg 4.41 

Zn 0.027 Ca 1.12 

Pb 0.005 Y 0.0006 

La 0.004 Leco C 0.011 

Ce 0.002 Leco S 0.268 

Ga 0.0025 Ag 0.002 

Fe 38.5 S 0.273 

Sn 0.001 Bi 0.003 

W 0.001 Cl 0.078 

Usually, the environmental influence and physical effect of mineral acid water are meas-

ured by acid mine drainage test work. When acidification and heavy metals discharge 

occur in mine tailings, the leachate with rich metal ions forms acid mine drainage. If the 

oxygen in the surroundings is sufficient, most of the ferrous iron will oxidize to ferric 

iron while &Å/(  precipitates will form at a pH between 2.3 and 3.5, as shown in reac-

tion 14 (Nadirov and Mussapyrova, 2020). 

τ&Å3ρυ/ ρτ(/ᴼτ&Å/( ψ3/ ρφ( ρτ 

In Table 3, the threshold value, the lower, and higher guideline values are used to separate 

the metal concentration into four categories from lowest to highest (Figure 27). The 

threshold and lower guideline values (one and two) are for samples obtained from 
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agricultural fields and the threshold and higher guideline values (one to four) are for all 

samples (Tóth et al., 2016). 

 

Figure 27.  Relationship between the threshold value and the lower and higher guideline 

values in AMD (Tóth et al., 2016).  

The ñeò in Table 3 represents that the guideline values have been defined based on eco-

logical risks. The symbol ñtò means the guideline values have been defined based on 

health risks. If the risk of groundwater contamination is higher than normal in concentra-

tions below the lower guideline value, the substances are marked with the letter ñpò (Min-

istry of the Environment Finland, 2007, 2013). 
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Table 3. Contamination analysis of acid mine drainage test work (Eurofins Environ-

ment Testing Finland). 

Contamination 

threshold AMD 

Substance (sym-

bol)  

Natural concentration 

(mg/kg) 

Threshold 

value  

(mg/kg) 

Lower guide-

line value 

(mg/kg) 

Higher 

guideline 

value 

(mg/kg) 

Antimony (Sb) / 

p 

0.02 (0.01-0.2) 2 10 /t 50 /e 

Arsenic (As) / p 1 (0.1-25) 5 50 /e 100 /e 

Mercury (Hg) 0.005 (<0.005-0.05) 0.5 2 /e 5 /e 

Cadmium (Cd) 0.03 (0.01-0.15) 1 10 /e 20 /e 

Cobalt (Co) /p 8 (1-30) 20 100 /e 250 /e 

Chrome (Cr) 31 (6-170) 100 200 /e 300 /e 

Copper (Cu) 22 (5-110) 100 150 /e 200 /e 

Lead (Pb) 5 (0.1-5) 60 200 /t 750 /e 

Nickel (Ni) 17 (3-100) 50 100 /e 150 /e 

Zinc (Zn) 31(8-110) 200 250 /e 400 /e 

Vanadium (V) 38 (10-115) 100 150 /e 250 /e 

The analysis of the neutralization for acid mine drainage is reported in Table 4. Usually, 

alkaline reagents such as NaOH or carbonate #Á#/ are used for increasing the pH value 

to form metal precipitation. Compared with the AMD of steel slag with glass as the major 

component, the neutralization potential is about 45 ð 70 kg #Á#/ and most of the resid-

uals are in the form of aluminum-silicates and iron oxides (Ziemkiewicz, 1998). As rec-

ommendation in this study (Ziemkiewicz, 1998), an additional base was added into the 

solution to reduce discharges of metal.  
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Table 4. Nickel Slag Acid Mine Drainage (AMD) results (Eurofins Environment Testing 

Finland (Jyväskylä)). 

Analysis Unit  Result 

Sulfur (S) % 0.27 

Total carbon (TC) % <0.05 

Acid potential (AP) kg CaCO3/ tonne 8.4 

Neutralization potential (NP) kg CaCO3/ tonne 47 

Net neutralization potential (NNP) kg CaCO3/ tonne 39 

Neutralization potential ratio (NPR)  5.6 

Net acid production potential (NAPP) kg H2SO4/ tonne <0.3 

NAG pH 4.5  

net acid generation (NAG) 

kg H2SO4/ tonne - 

NAG pH 7.0 kg H2SO4/ tonne 0.080 

NAG-pH  6.8 

Electrical productivity 25ᴈ mS/m 2.11 

Since the relatively high specific surface area has a positive influence on reaction rate 

(Nadirov and Mussapyrova, 2020), both fine particle samples and coarse particle samples 

were studied and are described below.  

To increase the leaching rate constants by the reduction of activation energy under a cer-

tain temperature (Nadirov and Mussapyrova, 2020), ball milling is applied to prepare the 

fine particle samples. Here, the sample with a volume of 5.67 liters was ground in a la-

boratory scale ball mill (Type 14MK3/9, Technical Research Center of Finland,). A 500-

gram sample was added into 0.6 liters of water and ground with 5.5 kg ball mass for 30 

minutes. After grinding, all samples were dried at 83 ᴈ in an oven (Jouan). Then both 

particle size distribution and components were analyzed. 
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A comparison of the coarse and fine samples in shown in Figure 28 a) and b). Visually, 

the particle size of the milled sample looks more uniform. The quantitative size distribu-

tion measurement was performed by laser diffraction particle size analysis (Mastersizer 

3000) (Nuorivaara and Serna-Guerrero, 2020).  

(a) 

 

(b) 

 
Figure 28.  Nickel -slag from Harjavalta a) before ball milling, b) after 30 -minutes of 

ball milling. 

The size distribution report carried out at Aalto University showed that the average diam-

eter of the fine particles was 0.3 mm; and the other size features are displayed in Table 5. 

Compared with the unmilled sample size, it was about ten times smaller. The sample size 

distributions by volume density and cumulative volume are displayed in Figure 29. 

Table 5. Particle size distribution of nickel slag after 30 minutes of ball milling (ɛm) 

(Tommi Rinne, Aalto University). 

Dx (10) Dx (50) Dx (80) Dx (90) 

57.1 189 332 420 
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(a) 

 

(b) 

 
Figure 29. Particle size distribution of slag after 30 min ball milling a) volume density 

and b) cumulative volume (Tommi Rinne, Aalto University). 

The phase results of the milled sample measured by SEM-EDS is shown in Table 6. The 

olivine phase, mainly fayalite, in the milled sample accounts for more than 99%. Alt-

hough the magnetite phase did not show in the SEM-EDS report, one speculation is that 

the Fe-oxide phase includes magnetite. 

Table 6.  Mineral liberation analysis (MLA) of the milled sample by SEM-EDS (GTK 

Espoo laboratories). 

Sieve fraction 

(mm) 

 < 0.063  0.063-0.100  0.100-0.150  0.150-0.250  

Phase Area 

(%)  

Mass 

(%)  

Area 

(%)  

Mass 

(%)  

Area 

(%)  

Mass 

(%)  

Area 

(%)  

Mass 

(%)  

Olivine_Fa 97.86 99.01 97.90 98.87 98.85 99.36 98.59 99.18 

Ni metal phase 0.06 0.06 0.01 0.01 0.00 0.00 0.01 0.01 

Pyrite 0.05 0.05 0.07 0.08 

    

Fe-oxide  0.08 0.07 0.08 0.07 0.07 0.06 0.12 0.11 

Unclassified 1.34 0.79 1.51 0.88 0.95 0.55 1.22 0.71 
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Sieve fraction 

(mm) 

 0.250-0.500  0.100-0.150  0.150-0.250  

Phase Area 

(%)  

Mass 

(%)  

Feature 

(%)  

Area 

(%)  

Feature 

(%)  

Area 

(%)  

Olivine_Fa 99.51 99.72 97.3 99.1 88.2 99.6 

Ni metal phase 0.03 0.04 0.1 0.0 0.4 0.0 

Fe-oxide  0.10 0.12 1.5 0.5 1.2 0.1 

Quartz 0.00 0.00 0.3 0.0 9.2 0.2 

Since nickel sulfide, copper sulfide, and iron sulfide are all in the same hexagonal crystal 

structure and the atom radii are close (162 ᴠ for nickel, 126 ᴠ for iron and 128 ᴠ for cop-

per), atoms substitute each other to form NiS, CuS, FeS, or a ternary compound in differ-

ent metals ratios. This assumption was verified by SEM-EDS observation. Additionally, 

sulfides in slag could also originate from matte droplets. 

SEM images and EDS spectra of the nickel slag sample (250 ð 500 and 63 ð 100 sieve 

fractions) are shown in Figure 30. Table 7 lists elemental composition at different meas-

uring points. However, the total concentration of elements in the sample cannot be deter-

mined from the semiquantitative measurement but only the composition of each meas-

urement point.  

Figures 30 a) and c) are in higher resolution and the bright-white dots are enlarged in 

Figures 30 b) and d). Four compounds were identified, including the quaternary com-

pound sulfide (&Å.É#Õ 3) at points 1, 3, and 4; pyrite (&Å3) at point 5; fayalite 

(&Å3É/) at points 2, 6, and 7; and magnetite (&Å/ ) at point 6. It could be hypothesized 

that valuable metals such as nickel, cobalt, and copper originated from the sulfide. Trace 

amounts of magnesium, aluminum, and calcium appeared in the fayalite and magnetite, 

as expected.  

However, there was no obvious nickel, cobalt and copper substitution in the fayalite, 

which was the reversed of the previous expectation. This was identified by the alkaline 

leaching experiment. If the extraction of valuable metals improves, it means that sodium 



 

41 

 

hydroxide solution has a positive effect on fayalite disaggregation. The improved extrac-

tion also verified that the metals (Cu, Co, Ni) were located not only in the sulfide but also 

in the fayalite, because metal sulfides do not dissolve in alkaline media. Chromium was 

detected in the magnetite as well in the possible form of iron (II) chromite &Å#Ò/  with 

a cubic crystal structure, which was the same as the structure mentioned in Perederiyôs 

report (Perederiy, 2011).  

Table 7. Component elements at detected points by XRF of nickel slag (wt.%) (X-ray 

Mineral Services Finland Oy). 

Spec

. 

O Na Mg Al  Si S K Ca Ti Cr Fe Co Ni Cu Total 

1      1.06     16.6

9 

3.3

7 

70.3

7 

8.50 100.0

0 
2 39.7

5 

0.4

3 

1.2

8 

2.5

3 

16.5

8 

0.38 0.6

7 

2.3

5 

0.5

9 

 35.4

4 

   100.0

0 
3 1.19     1.38     7.58  79.3

7 

10.4

8 

100.0

0 
4      16.9

9 

    4.82  72.2

7 

5.93 100.0

0 
5      54.5

8 

    45.4

2 

   100.0

0 
6 35.5

3 

 1.2

5 

1.4

2 

6.14  0.2

9 

0.5

9 

1.1

2 

1.0

1 

52.6

5 

   100.0

0 
7 40.2

4 

0.4

2 

1.6

8 

1.7

5 

17.1

5 

0.31 0.5

5 

1.7

4 

0.4

1 

 35.7

4 

   100.0

0   



 

42 

 

(a) 

 

(b) 

 
(c) 

 

(d)  

 
(e)  

 

(f) 

 

Figure 30. SEM-EDS images of nickel slag after 30 minutes of ball milling (Sari 

Lukkari, SEM Laboratory of GTK). 
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3.2  Experimental set-up in leaching 

As mentioned in Chapter 2.5.1, valuable metals atoms such as copper, nickel and cobalt, 

are possible occurring as sulfide, or contained in fayalite in form of substitutional atoms 

of iron. Thus, two leaching strategies were investigated. 

First, acid leaching was conducted to dissolve the iron oxide and metallic oxide to form 

a solution containing metallic ions. Then metallic ions were recovered by precipitation in 

the following process. Second, the raw material was first treated by high-concentration 

sodium hydroxide solution to form filterable .Á3É/ , and then acid leaching was con-

ducted to release metal ions from the alkaline leaching residue. Since both the fayalite 

and glass phase had a high silicon content, the fayalite phase could be deconstructed by 

the high-concentration sodium hydroxide solution and metal ions released in the subse-

quent acid leaching.  

The chemicals used in the experiments were sulfuric acid (95%, 1.4 kg/L, VWR Chemi-

cals), nitric acid (65%, 1.84 kg/L, VWR Chemicals), hydrogen peroxide (50 wt.%, Sigma-

Alorich, Germany), sodium hydroxide granules (Caelo), copper, nickel, cobalt and iron 

standard solution for AAS (1000 mg/L 4 mg/L in 2 wt.% (./, Sigma-Aldrich), and 

deionized water. 

In the current work, acid leaching experiments were performed at a constant temperature 

under different controlled parameters. Leaching experiments were performed in a 1L 

glass reactor placed in a thermostatic water bath (Aqualine AL 25, Lauda, Germany). The 

reactor was shut with a glass cover and silicon corks for acid leaching. A four-blade plas-

tic impeller was driven by an overhead stirrer (Vos 16, VWR, Finland) at 350-400 rpm. 

All the generated gases were routed to a condensing tube is connected to the ventilation 

of the fume hood, as shown in Figure 31.  
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Figure 31.  Experimental set-up for the acid leaching experiments including 1) overhead 

stirrer, 2) condensing tube, 3) glass reactor and cover, 4) multimeter and Ag/AgCl elec-

trode, 5) disposable wipes, 6) wash bottle, 7) timer, 8) water bath, and 9) syringe. 

For the parameter design, MODDE software was used. The major parameters were tem-

perature, particle size, leaching time, acid/alkaline concentration, liquid/solid ratio, and 

hydrogen peroxide volume.  

The experiment plan for acid leaching is shown in Table 8. The sample of 0.3mm particle 

size was milled and the 3 mm particle size sample is unmilled. To verify the positive 

effect of hydrogen peroxide reported in some research studies, the experiment with the 

best metals extraction was repeated. To learn more about the effect of hydrogen peroxide, 

additional experiments with 2 vol.% and 10 vol.% hydrogen peroxide were carried out.  
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Table 8. Acid leaching experiment plan for nickel slag. 

Number Temperature 

/ ᴈ 

Particle 

size 

/mm 

Leaching 

time/hour 

Sulfuric acid 

concentration 

/ (mol/L) 

Acid 

volume 

/ml 

Solid 

weight 

/g 

(/  

volume 

l/s 

ratio 

(ml/g) 

1 70 3 4 2 500 50  10:1 

2 70 0.3 4 2 500 50  10:1 

3 90 0.3 4 4 500 150  10:3 

4 90 3 4 4 500 150  10:3 

5 90 3 4 2 500 50  10:1 

6 70 3 4 2.04 490 50 10 10:1 

7 70 3 4 2.22 450 50 50 10:1 

8 25 3 4 2 250 25 10 10:1 

The aim of the second leaching strategy was to destroy the fayalite structure by alkaline 

leaching first, and then leaching the residue of alkaline leaching in an acid solution to 

release more valuable metals. The alkaline leaching experiment equipment was rede-

signed as shown in Figure 32, because less chemical reactant is more suitable for reacting 

in a small reactor and can be mixed completely by magnetic stirring. To ensure the anti-

corrosion property of the glass reactor, a pretest was administered whereby 4 mol/L so-

dium hydroxide solution was heated in a glass Erlenmeyer flask for 4 hours under 90ᴈ. 

From observation, the alkaline solution did not react with the smooth glass surface.  

The sodium hydroxide and the sample in the 250 ml Erlenmeyer flask were heated on a 

heating plate and stirred by the magnetic stirrer (Intllab) at 300-400 rpm. The temperature 

was measured using a thermometer. Here the tube had two functions. It was connected to 

the condense tube when the reaction started and the end was 2 ð 3 cm above the liquid 

level to condense the evaporation (the left one in Figure 33). When collecting samples, 

the tube was connected to a syringe (Henke-Sass, Wolf GmbH) and the end was inserted 

into liquid (the right one in Figure 33). 
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Figure 32.  Experimental set-up for the alkaline leaching experiments including 1) ther-

mometer, 2) water bath, 3) magnetic stirring, 4) heater, 5) temperature and stirring speed 

control, 6) reactor, and 7) tube. 

 

Figure 33.  Tube for liquid samples condensation (left) and collection (right).  

The alkaline leaching experiment plan is shown in Table 9 and the acid leaching plan for 

alkaline residue is given in Table 10. In combined leaching, the practicalities of the acid 

leaching part were similar to those of direct acid leaching experiments 1 to 8. One excep-

tion to the experiment operation was experiment D-2, where the acid leaching was kept 

at 70ᴈ for 5.5 hours but the starting point of sample collection was at 180 minutes (3 

hours). The meaning of the experiment numbers in Table 10, e.g., A-1, is that acid leach-

ing experiment A-1 used the alkaline leaching residue from experiment A. The loss of 
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metals during alkaline leaching was considered when the extractions of metals were cal-

culated for the subsequent acid leaching part. 

Table 9. Alkaline leaching experiment plan for nickel slag. 

Number Temperature 

/ ᴈ 

Particle 

size 

/mm 

Leaching 

time/hour 

Alkaline 

concentration 

/ (mol/L) 

Alkaline 

volume 

/ ml 

Solid 

weight 

/ g 

Liquid / 

solid ratio 

(ml/g) 

A 50 0.3 2.5 2 200 20 10:1 

B 50 3 2.5 2 250 25 10:1 

C 90 3 2.5 2 250 25 10:1 

D 90 0.3 2.5 4 700 70 10:1 

Table 10. Acid leaching experiment plan for alkali treated raw material (nickel slag). 

Number Temperature 

/ ᴈ 

Particle 

size 

/mm 

Leaching 

time/hour 

Acid 

concentration 

/ (mol/L) 

Acid 

volume 

/ ml 

Solid 

weight 

/ g 

Liquid / 

solid ratio 

(ml/g) 

A-1 70 0.3 2.5 2 500 50 10:1 

B-1 70 3 2.5 2 500 50 10:1 

C-1 70 3 2.5 4 500 150 10:3 

D-1 70 0.3 2.5 4 500 150 10:3 

D-2 70 0.3 5.5 2 500 50 10:1 

For leaching liquid collection during the experiments, 5-6 ml liquid samples were col-

lected by syringe at 30, 60, 90, 120, 180, and 240 minutes for acid leaching and 30, 60, 

90, 120, and 150 minutes for alkaline leaching. The suspended solids in liquid were sep-

arated by a syringe filter (Whatman, UK) or filter paper (Whatman, GE Healthcare Life 

Sciences, UK) with a 1.2 µm pore size.  

The redox potential was monitored to observe possible changes in the leaching reactions. 

Throughout the experiments, the redox potential was measured by a redox potential 
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voltmeter (vs Ag/AgCl electrode) (Redox Au ORP electrode, Mettler Toledo, Germany) 

at 30, 60, 90, 120, 180, and 240 minutes for acid leaching and 30, 60, 90, 120, 150 minutes 

for alkaline leaching. 

After the leaching experiments, filtration of the pregnant leach solution (PLS) was per-

formed under a vacuum environment using a Buchner funnel and WhatmanÊ Grade 597 

filter paper (Whatman, Code 42, CAT NO.1442-110) with a 2.5 µm pore size. The preg-

nant leach solutions and samples were saved using a plastic sample tube (VWR company) 

for AAS analysis to measure the extraction curves of different metals. 

The cake obtained from the primary filtration was washed with deionized water. Then the 

washed cake and wastewater were filtered using the same filter paper under vacuum or 

atmospheric pressure. After that, the washed cakes were dried in the oven at 85 ᴈ for 48 

to 72 hours. 

3.3  Analysis  methods 

The leaching solution collected in the acid and alkaline leaching experiments were ana-

lyzed for Ni, Co, Cu, and Fe using atomic absorption spectrometry (AAS) (ThermoFisher 

Scientific). The analysis requires suitable standard solutions. The nickel, cobalt, iron, and 

copper reference standard solutions were 1000 mg/L (  4mg/L) from Sigma-Aldrich, and 

the concentration of nitric acid in the standard solution was 2 wt.%.  

The sample solutions for AAS testing were diluted by 2 wt.% nitric acid 10 times for Cu, 

Co, and Ni, and 100 times for Fe. This is because there was a considerable difference in 

the metal concentrations.  

The pH values of PLS were roughly measured by pH meter. PLS were diluted by deion-

ized water in 100 times and were measured by pH meter. The acid consumption percent-

age was the ratio between the leaving acid after leaching experiment and the total acid 

before experiment. The leaving acid after experiment could be estimated by the final pH 

value. 
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X-ray powder diffraction for analyzing the phase distribution and chemical constituents 

was carried out by GTK. Before the XRD analysis, each sample was observed under an 

optical microscope to estimate the particle types and size distribution. Then the dry sam-

ple for XRD was successfully made by the mixing an acetone suspension in an agate 

mortar.  

The XRD instrument at GTK is a Bruker D8 Discover (A25) powder diffractometer, 

equipped with LYNXEYE XE -T detector (semiconductor silicon strip in 1 -D mode). 

The X-ray tube (line focus) anode material is copper, and the wavelengths utilized are Cu 

KŬ1 =1.5406 ¡, Cu KŬ2 = 1.5444 ¡, (Cu KŬ average = 1.5418 ¡), Cu Kɓ contamination 

=1.3922 Å. The phase identifications (qualitative analysis) were done using Bruker EVA 

6.0 software and ICDD (International Centre for Diffraction Data, Powder Diffraction 

File) PDF -4 Minerals 2022 database that contains only naturally occurring inorganic 

crystalline phases (minerals).  

The electron optical work was carried out at the SEM Laboratory at GTK. Mineral con-

centrations were analyzed using a scanning electron microscope (SEM), a Hitachi 

SU3900 model equipped with an Oxford Instruments X-Max 20 mm2 EDS- spectrometer 

(SDD). The run conditions were: 20 kV acceleration voltage and a 1 nA probe current. 

The samples were analyzed using Aztec software. The quality of the EDS analyses is semi 

-quantitative, and the results are normalized to 100%.  

3.4  Gravity  separation 

Gravity separation was divided into two steps, consisting of sample milling and gravity 

separation (Figure 34). The crushed nickel slag of less than 3.35 mm was first ground by 

a stainless- steel rod mill. About 3 kg of nickel slag was ground for 40 minutes in three 1 

kg batches. The solids content in grinding was about 62.5 % and the final grinding fine-

ness was D80~245 µm.   

The gravity separation of nickel slag was done using a small ñDeisterò shaking table. The 

ground feed material was fed by a vibrating feeder, through the funnel on the shaking 

table (Figure 34). The solids feed rate was about 8 kg/h and the solid content was about 
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11 %. The mass of concentrate fed through the shaking table was rather large, so cleaning 

was done once for concentrate collection. 

(a) (b) 

  

Figure 34. Images of gravity separation (a) Feeding of the material to the shaking table; 

(b) the gravity separation of nickel slag by the shaking table (GTK). 

3.5  Magnetic separation 

The magnetic separation for nickel slag was carried out by GTK, whose process is divided 

into solids grinding and magnetic separation.  

Prior to magnetic separation, a 1 kg batch of crushed nickel slag (with a diameter of less 

than 3.35 mm) was ground in a the stainless -steel rod mill. The solids content in grinding 

was about 62.5% and the rod was 8 kg. After 60 minutes of milling, the grinding fineness 

reached D80~163 µm (Figure 36). 

After grinding, the feed material (15% solid sample) was mixed in a bucket and fed with 

a peristaltic pump to a low-intensity magnetic drum separator (LIMS 0.07 T). The mag-

netic flux density in the field was 0.07 Tesla (T). Figure 35 illustrates how the low-inten-

sity magnetic drum separator separated magnetic product 1 (M1) and non-magnetic prod-

uct 1 (NM1). Then the NM1 was cleaned once with a medium-intensity magnetic drum 

separator (MIMS) with a larger magnetic flux density of 0.3 T. The collected products 

were classified by their magnetic characteristic, including M2 and NM2 (also called final 

tailings).  
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Figure 35. Flow chart of magnetic separation tests. 

 

Figure 36. Images of low-intensity magnetic separation (LIMS 0.07 T) (GTK). 
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4 Results - Leaching of nickel slag 

This chapter focuses on the effect of leaching parameters on extraction and component 

change in a solid residue. The effect of temperature, particle size, solid/liquid ratio, and 

the amount of hydrogen peroxide are compared and discussed. Some hypotheses are put 

forward based on the liquid analysis and solid characterization results. 

4.1  Acid leaching  

The effects of particle size, temperature, and hydrogen peroxide on valuable metals ex-

traction were compared. A comparison of the extractions in experiments 1 ð 8 is shown 

in compared Table 8. 

(/  decomposed efficiently into water and released oxygen within rapidly at high tem-

perature. Therefore, (/  should be added into the leaching reactor slowly to ensure that 

the acid solution will not spill out due to oxygen gas emission. In experiment 7, 50 ml of 

50 vol.% (/  was added at a rate of 12.5 ml/hour. In experiments 6 to 8, the concentra-

tion of sulfuric acid was 2 mol/L when the hydrogen peroxide was added. 

In experiments 6 and 7, the dilution of sulfuric acid concentration caused by the additional 

of hydrogen peroxide was examined. The concentration of diluted sulfuric acid had to be 

the same as that in the other experiment (2 mol/L). 

4.1.1 Effect of particle size  

The effect of particle size on extraction in acid leaching was investigated in the experi-

ment series. In Exp. 1, the extraction of copper, cobalt, and nickel in the 3mm sample 

reached 43%, 70%, and 66%, respectively, at 180 minutes, but then slightly dropped by 

about 4% in the last 60 minutes.  

In Exp. 2, the metal extraction of the milled sample reached a peak of about 16% of cop-

per, 35% of cobalt, and 36% of nickel from 120 to 180 minutes under the same leaching 

conditions (Figure 37). The metals extraction was significantly lower than with the milled 

particles, and the extraction peaks were reached slightly earlier than with the coarse 
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particles. Metals extraction slightly decreased during the last hour of leaching. The de-

velopment of the extractions with milled particles is displayed in Figure 37 as a black 

line. 

(a) 

 

(b) 

 
(c) 

 

 

Figure 37.  Metal extractions a) Cu b) Co, and c) Ni versus time in 4h leaching. Pa-

rameters:  particle size of 3 mm (Exp 1) and 0.3mm (Exp 2), initial sulfuric acid con-

centration 2mol/L, l/s 10:1, 400 rpm, 70ᴈ. 

However, when the sulfuric acid concentration increased to 4 mol/L and the temperature 

was raised to 90 ᴈ, the influence of particle size on the extraction was reversed (Figure 

38). In Exp. 3, the extraction from the fine samples fluctuated slightly, reaching a peak at 

4h where 41%, 55%, and 63% were obtained for copper, cobalt, and nickel, respectively. 

One assumption is that the improvement in concentration and the specific surface area 

have a positive effect on the improvement of the reaction rate because the effective mo-

lecular collision number continued increasing at high temperature.  
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For coarse particles in the 3mm sample (Exp. 4), the extraction reached a peak at 1.5 

hours but was only one fifth of the extraction of fine particles (Exp. 3). During the re-

maining 2.5 hours, the extraction of metals from the coarse samples decreased slightly, 

as shown in Figure 38. This was most likely due to the large amount of silica gel, pre-

venting metal dissolution and absorbing valuable metal ions. In this case, the number of 

extracted valuable metals in the PLS was limited by the silica gel, and even more than 

50% of copper was lost in the silica gel. The silica gel problem will be discussed in more 

detail in Chapter 4.3.2. 

(a) 

 

(b) 

 
(c) 

 

 

Figure 38.  Metal extraction of a) Cu, b) Co, and c) Ni versus time in 4h leaching. Pa-

rameters: 3 mm (Exp. 4) and 0.3 mm (Exp. 3) particle size, initial sulfuric acid concen-

tration 4 mol/L, l/s -ratio 10:1, 400 rpm, 90 ᴈ.  

The leaching residue was analyzed by XRD to study the components and phases. Since 

Exp. 1 resulted in the highest metals extractions and there was a large extraction gap 

between Exp. 1 and Exp. 2, the residues from Exp. 1 (3mm, 70ᴈ) and Exp. 2 (0.3mm, 

70ᴈ) were analyzed. Since phases in the nickel slag are not homogeneous on the 
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microscopic scale, samples were selected by their different shape characteristics, such as 

bulk sample and specific sample (e.g., spherules and crust), and then their compositions 

were measured separately.  

When the background was elevated between d-spacing values of 6 ð 2.5B, all samples 

contained amorphous phases. However, no quartz was detected by XRD in either sample. 

The bulk materials from Exp. 1 were highly hygroscopic, gaining moisture and recrystal-

lizing in air. The detected phase is shown in Figure 39, including &Å3/  and calcium 

sulfate #Á3/ as the major component. It is worth noting that new phases of volatile 

+ &Åȟ-Ç&Å!Ì3/ ρψ(/  (minor) and rhomboclase (&Å3/ τ(/ (ma-

jor) appeared after the sample was dried in a desiccator. This means that other elements 

in addition to divalent iron (including K, Mg, Al, &Å) had crystallized upon sample 

drying. Here, the oxidization of iron ions may also have played a role in stabilizing the 

volatile structure in the desiccator. 

 

Figure 39.  X-ray diffractogram of sample in Exp 1 before and after drying (3mm, leach-

ing at 70 ᴈ) (Pasi Heikkilª, GTK). 

For the sample from Exp. 2, although the crust fragments had different degrees of stiff-

ness, the major constituents in grey spherules and powder form included Fe -silicate 
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&Åȟ-Ç3É/ (fayalite) and magnetite &Å/  in Figure 40 a), and in the amorphous 

particles the phases contained calcium sulfate hemihydrate #Á3/πȢυ(/, as shown in 

Figure 40 b). 

Compared with the sample in Exp. 1, the moisture in the residue sample in Exp. 2 seems 

less. 

(a) 
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(b) 

 
Figure 40.  X-ray diffractogram of the sample in Exp. 2 a) in fine powder and b) in amor-

phous particles (Pasi Heikkilª, GTK). 

4.1.2 Effect of temperature 

For the coarse sample of a 3 mm size in sulfuric acid solution, the increasing temperature 

had a negative influence on the metal extraction. In Figures 41 a) ð c), the extraction of 

the sample in Exp. 5 leaching at 90ᴈ was extremely beneficial in the initial 30 minutes. 

However, the metals extraction of copper, cobalt, and nickel decreased by 31%, 24%, and 

27%, respectively, during the last 60 minutes. More research is required to clarify this 

unexpected change regarding the leaching mechanism of nickel slag at high temperatures. 

However, the extraction of metals at 70 ᴈ in Exp. 1 kept increasing linearly until peaks 

of 43% for copper, 70% for cobalt, and 66% for nickel were reached during the 3rd hour. 

Although there was a similar decline in the last 60 minutes compared with the leaching 

behavior at 90 ᴈ, the relatively low leaching temperature seems to provide a more relia-

ble leaching environment.  
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(a) 

 

(b) 

 
(c) 

 

 

Figure 41.  Metal extractions of a) Cu, b) Co, and c) Ni versus time in 4h leaching. Pa-

rameters: particle size (3 mm), initial sulfuric acid concentration 2 mol/L, l/s-ratio 10:1, 

400 rpm, 70 ᴈ in Exp. 1 and 90ᴈ in Exp. 5. 

4.1.3 Effect of hydrogen peroxide 

The effect of hydrogen peroxide on metals extraction was negative, which means that the 

more hydrogen peroxide added, the lower the extraction of the metals. Here, three exper-

iments were performed with varying hydrogen peroxide concentrations. With the excep-

tion of the volume of hydrogen peroxide, the other leaching parameters were maintained 

constant. Amount of 0, 10, and 50 ml of 50 vol.% hydrogen peroxide were added to the 

three reactors of Exp. 1, Exp. 6, and Exp. 7, respectively. Here, 50 ml of hydrogen per-

oxide was added to the reactor at a rate of 12.5 ml/h.  

Figures 42 a) ð c) display the extraction curves of copper, cobalt, and nickel at 120 

minutes and 240 minutes as the volume percentage of hydrogen peroxide increased. A 

sharp drop in extraction occurred when hydrogen peroxide was added in two experiments. 

The extraction of copper decreased by 31% and that of cobalt and nickel reduced by 19%. 
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However, the metal loss in leaching did not increase when more hydrogen peroxide was 

added. In Exp. 6 and Exp. 7, with 2 vol.% and 10 vol.% hydrogen peroxide respectively, 

the copper extraction decreased from 31% and 28% to 11% in the last two hours. For 

cobalt and nickel, in general the extraction stayed at the same level. Figure 42 d) displays 

the redox potential in Exp. 1, Exp. 6, and Exp. 7. Compared with pure acid leaching, 

additional hydrogen peroxide did increase the redox potential, which indicated that part 

of the hydrogen peroxide contributed to the fayalite decomposition. 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 42.  Metal extractions of a) Cu, b) Co and c) Ni versus hydrogen peroxide at 2h 

and 4h. Parameters: particle size (3mm), initial sulfuric acid concentration 2 mol/L, l/s-

ratio 10:1, 400 rpm, 70 ᴈ, hydrogen peroxide concentration 0 (Exp. 1), 2 vol.% (Exp. 

6), and 10 vol.% (Exp. 7). d) The redox potential of Exp. 1, Exp. 6 and Exp. 7. 

In addition to concentration, temperature may have an effect on hydrogen peroxide, since 

it decomposes efficiently into water and oxygen under high temperatures. Here the leach-

ing behavior at 25 ᴈ (Exp. 8) and 70 ᴈ (Exp. 6) was compared. An amount of 10 ml of 

50 vol.% hydrogen peroxide was added to two reactors independently. Samples of 3mm 
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particle size were leached in a 2 mol/L sulfuric acid solution in a 10:1 ml/g l/s ratio for 

240 minutes. 

From the extraction results shown in Figure 43, the positive effect brought about by the 

temperature was notable. When leaching was carried out at 25 ᴈ in Exp. 8, the metal 

extraction values were not optimal as they were all less than 10%. At 70 ᴈ (Exp. 6), the 

extraction developments of copper and nickel were similar to each other. The extraction 

reached a turning point at 120 minutes, staying at a plateau with 48% of cobalt and 42% 

of nickel. However, the extraction of copper decreased sharply from 48% to 11% during 

the last hour; a phenomenon evident in several of the leaching experiments (e.g., Exp. 5). 

The analysis and discussion can be found in Chapter 4.3.1.  

(a) 

 

(b) 

 
(c) 

 

 

Figure 43.  Metal extractions of a) Cu, b) Co, and c) Ni versus time in 4h leaching. 

Parameters: particle size (3 mm), initial sulfuric acid concentration 2 mol/L, l/s -ratio 

10:1, 400 rpm, 25 ᴈ in Exp. 8 and 70 ᴈ in Exp. 6, initial hydrogen peroxide concen-

tration 2 vol.%. 
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4.2  Combined leaching 

The high-concentration sodium hydroxide solution reacted with fayalite to release some 

of the valuable metals in the alkaline PLS, therefore, the loss of metals should be consid-

ered. The metals mass fractions ʖ  were recalculated using the extraction data of 4 mol/L 

NaOH alkaline leaching. For example, the new ʖ  in alkaline leaching residue changed 

from 38.5 wt.% to 38.47 wt.% of iron.  

However, ʖ  was only applied in the 4 mol/L NaOH alkaline leaching residue. The ʖ  

of the 2 mol/L NaOH leaching residue remained at the same level since the released val-

uable metal in alkaline leaching could be ignored. Here, the calculation of ʖ  was ap-

proximate because some interference factors cannot be ignored. A detailed calculation is 

shown in Chapter 6.1. 

4.2.1 Effect of pretreatment 

In Exp. D, nickel slag (0.3 mm) was leached in 4 mol/L sodium hydroxide solution for 

2.5 hours in a 10:1 ml/g l/s ratio at 90 ᴈ. The alkaline leaching residue in experiment D 

was used as the sample in subsequent acid leaching: Exp D-1 and Exp D-2 (Figure 44).  

Based on previous research, leaching time and temperature are key issues for acid leach-

ing. Generally speaking, the longer the leaching time, the higher the metal extraction. In 

addition, the effective leaching time for pure acid leaching at 70 ð 90 ᴈ only lasted from 

1.5 to 2 hours in experiment 1 ð 5. Therefore, it could be leached in two steps at a rela-

tively low temperature (such as 25ᴈ and 50 ᴈ) by sulfuric acid for 2 to 3 hours, and then 

leached at 70 ᴈ for 2.5 hours. This pretreatment facilitates the optimal extraction with 

less energy waste. 
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Figure 44. Flow chart of Exp. D-1 and Exp. D-2. 

Before normal acid leaching, both Exp. D-1 and Exp. D-2 included a pretreatment to 

extend the leaching time at a relatively low heating temperature. In this case, the optimal 

alkaline leaching temperature could be studied. The samples were leached at room tem-

perature (25 ᴈ) for 2 hours in Exp. D-1 but at 50 ᴈ for 3 hours in Exp. D-2 acid leaching. 

After pretreatment, leaching was stopped by filtering the acid solution and solid sample. 

Then the temperature of the sulfuric acid was increased to 70 ᴈ from 25 ᴈ and 50 ᴈ, 

respectively. The samples were continuously leached in 2 mol/L sulfuric acid in a 10:1 

ml/g l/s ratio at 70ᴈ for 2.5 hours.  

In Figures 45 a) ð c), the extraction curves suggest that the pretreatment for a longer time 

and at a higher temperature had more positive effects on valuable metals extraction in 

general. Exp. D-2 was a good example. The extraction of copper, cobalt, and nickel 

climbed to a peak (89% for Cu, 102% for Co, and 99% for Ni) at 120 and 90 minutes, 

and then fell back to 74%, 85%, and 81%, respectively during the last hour. In this case 

the reason for the extraction exceeding 100% is explained in Chapter 6.1. 

However, the extraction in Exp. D-1 maintained a stable level in the last hour, which 

seems more reliable than the leaching route in Exp. D-2. A possible research direction in 

the next step is to leach at a high temperature until reaching maximum extraction and then 

leaching at a relatively low temperature in the final period to prevent metal loss.  
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(a) 

 

(b) 

 
(c) 

 

 

Figure 45.  Extraction of a) Cu, b) Co, and c) Ni in Exp. D-1 and Exp. D-2. Parameters: 

acid leaching in Exp. D-1: ςυ ᴈ for 2h followed by 70ᴈ for 2.5 hours. Acid leaching in 

Exp. D-2: υπ ᴈ for 3h followed by 70 ᴈ for 2.5 hours. The data in the line chart is the 

measurement result of the final 2.5 hours. 

4.2.2 Effect of particle size 

The effect of particle size was studied in Exp. A-1 and Exp. B-1. These two samples in 

0.3 mm (Exp. A-1) and 3 mm (Exp. B-1) were both leached in 2 mol/L sodium hydroxide 

solution for 2.5 hours in a 10:1 ml/g l/s ratio at 50ᴈ. Then the alkaline residues A and B 

were leached in 2 mol/L sulfuric acid solution for 2.5 hours in a 10:1 ml/g l/s ratio at 

70 ᴈ.  

In Figure 46, both the extraction of fine and coarse samples increased linearly in the first 

half hour. The former was shown to reach a stable plateau for the last hour, achieving 

69% for copper, 74% for cobalt, and 87% for nickel. In combined leaching, the fine sam-

ple showed better performance in metal extractions. 
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The cobalt and nickel seemed to dissolve more rapidly than copper in the first half hour 

but the rate of increase slowed down in the following two hours. A similar leaching trend 

for cobalt and nickel was observed with the 0.3 mm sample. It was inferred that the cobalt 

and nickel were at the same position in the crystal location in the milled sample. 

(a) 

 

(b) 

 
(c) 

 

 

Figure 46. Extraction of a) Cu, b) Co, and c) Ni in Exp. A-1 (0.3 mm) and Exp. B-1 

(3 mm). 

4.2.3 Effect of alkaline leaching 

Figures 47 a) ð c) displays the extraction of Cu, Co, and Ni of 3mm samples by acid 

leaching (Exp. 1) and combined leaching (Exp. B-1). And Figures 47 d)-f) illustrate the 

extraction of Cu, Co, and Ni of 0.3 mm samples by acid leaching (Exp. 2) and combined 

leaching (Exp. A-1). Since the leaching times in direct acid leaching and the acid leaching 

part of combined leaching were 4 hours and 2.5 hours, respectively, it is essential to com-

pare the extraction trends. 
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The extraction performance of milled particles was the opposite. For the 0.3 mm samples 

(Figures 47 d) ð f)), the value of the red dots representing the extraction of combined 

leaching was all more than three times that of the black dots of direct acid leaching in 

every case. This result is the same as the conclusion found in Chapter 4.2.2, that the un-

milled sample performed better in combined leaching and that more metal ions were ex-

tracted from the milled sample in direct acid leaching.  

(a) 

 

(b) 

 
(c)  

 
 

(d) 

 

(e) 

 

(f) 

 
Figure 47.  Extraction of a) Cu, b) Co, and c) Ni of 3mm samples by acid leaching (Exp. 

1,  () and combined leaching (Exp. B-1, /(). Extraction of d) Cu, e) Co, and f) Ni of 
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0.3 mm samples by acid leaching (Exp. 2, () and combined leaching (Exp. A-1, /(). 

( represents acid leaching and /( refers to combined leaching. 

4.2.4 Comparison of constituents in residues 

The components in the residue of Exp. 2, Exp. D and Exp. D-2 (Table 11) were compared 

by SEM-EDS. Three experiments reflect the influence of alkaline leaching on the com-

ponents. 

Table 11. Experiment parameters in Exp. 2, Exp. D and Exp. D-2. 

 

Alkaline Leaching Acid Leaching 

Parameters NaOH 

/M 

Size 

/mm 

T 

/  

Time 

/h 

l/s 

ratio  

ἒἡἛ 

/M 

Size 

/mm 

T 

/  

Time 

/h 

l/s ratio 

Exp 2 

     

2 0.3 

mm 

70 4 10:1 

Exp D 4 0.3 90 2.5 10:1 

     

Exp D-2 4 0.3 90 2.5 10:1 2 0.3 

mm 

70 5.5 10:1 

The characterization of the residue of Exp. 2 (Table 11) by SEM-EDS is illustrated in 

Figures 48 a) and b) and the elements are listed in Table 12. These provide potential for 

speculation that, with the except of the majority of fayalite, some of the iron in the fayalite 

was substituted by the chromium and nickel in the same group (4th group) in a random 

ratio. Furthermore, it was also possible to form chromite &Å#Ò/  (Kaksonen et al., 

2011). Nickel and chromium were usually observed simultaneously in an Fe-Cr-Ni phase, 

which was verified by several tested points (Figure 49). It was assumed that these two 

elements were at equivalent locations in the crystal.    
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Figure 48. SEM images of Exp 2. sample. The light areas on the surface are measure-

ment points a) 53 and b) 98. The contained elements are shown in Table 12 (Yutong 

Xiao, SEM Laboratory of GTK). 

Table 12. Element distribution by SEM-EDS at points 53 and 98 with nickel and chro-

mium in Exp. 2 sample (wt.%) (SEM Laboratory of GTK, Yutong Xiao). 

Spectrum 

Label 

O Mg Al  Si Ca Cr Fe Ni Total 

Spectrum 53 14.8

5 

0.84 1.03 8.88 0.64 12.1

9 

54.8

4 

6.73 100 

Spectrum 98 15.1

9 

1.17 1.11 8.51 0 12.8

2 

54.4

2 

6.78 100 

 

   

   

   
Figure 49. Element map of an Fe-Cr-Ni phase in Exp. 2 residue by SEM (Yutong Xiao, 

SEM Laboratory of GTK). 

Barium was found and is displayed in Figures 50 a) and b). The bright area contains a 

high percentage of barium (Table 13), so the possible component was "Á3/3É/  or a 
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mixture of barium sulfide and fayalite. In the element map in Figure 51, the barium sulfide 

was verified. 

Table 13. Element distribution by SEM-EDS at point 71 in Exp.2 residue (wt.%) (SEM 

Laboratory of GTK, Yutong Xiao). 

Spectrum Label O Si S Fe Ba Total 

Spectrum 71 29.03 11.81 11.34 3.52 44.3 100 

 

 
Figure 50. SEM-EDS images of measurement point 71 with barium in Exp. 2 sample 

(Yutong Xiao, SEM Laboratory of GTK). 
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Figure 51. SEM image and element maps for S, Ba, and Si of Exp. 2 leaching residue 

(Yutong Xiao, SEM Laboratory of GTK). 

Copper was seldom detected in the residue. As shown by tested point 65 in Figure 52 and 

its element distribution in Table 14, copper could exist in the form of copper sulfide, 

ferrite, or substituted atoms in fayalite (Shi et al., 2020).  

Table 14. Element distribution at point 65 in Exp. 2 sample (wt.%) (Yutong Xiao, SEM 

Laboratory of GTK). 

Spectrum Label O Al  Si S Fe Cu Total 

Spectrum 65 27.68 0.86 15.34 17.89 3.09 35.14 100 
















































