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Abstract: Unit operations in non-ferrous extractive metallurgy have high importance for environmental 

protection. Three categories are included in unit operations in non-ferrous extractive metallurgy: (1) 

hydrometallurgy (leaching under atmospheric and high pressure conditions, mixing of solution with gas 

and mechanical parts, neutralization of solution, precipitation and cementation of metals from solution 

aiming purification, and compound productions during crystallization), (2) pyrometallurgy (roasting, 

smelting, refining), and (3) electrometallurgy (aqueous electrolysis and molten salt electrolysis). The high 

demand for critical metals in modern life, such as rare earth elements (REE), indium, scandium, and 

gallium has highly increased the need for an advance in understanding of an application of the unit 

operations in non-ferrous metallurgy regarding to an environmental impact. Carbonation of olivine and 

slag in one closed reactor under high pressure as shown as new strategy to contribute an environmental 

protection. 
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1. INTRODUCTION  
 

Advances in understanding of a role of the unit operations in non-ferrous metallurgy have high 

significance in environmental protection. In hydrometallurgy, the aimed metal is first transferred from 

ores and concentrates to an acidic solution using a selective dissolution (leaching and dry digestion) under 

an atmospheric pressure below 100 °C and under a high pressure (40-50 bar) and high temperature (below 

270°C) in an autoclave and tube reactor [1-5]. The purification of the obtained solution was performed 

using neutralization agents such as NaOH and CaCO3 or more selective precipitation agents (Na2CO3 and 

oxalic acid) [6-8], as shown at Figure 1. 

  
Figure 1. Applications of hydrometallurgical unit operations for metal winning from ores and 

concentrates 
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The separation of metals is possible using liquid/liquid process (solvent extraction in mixer-settler) and 

solid-liquid (filtration using a filter-press under high pressure (approx. 5-6 bar) [9-10]. Crystallization is 

the process by which a metallic compound is converted from a liquid into a solid crystalline state via a 

supersaturated solution [11]. The final step is metal production using electrochemical reduction process 

(aqueous electrolysis for basic metals such as copper, zinc, silver and molten salt electrolysis for rare 

earth elements and aluminum) [12-15].  

Advanced processes, such as ultrasonic spray pyrolysis [16—18] and ultrasound-assisted leaching [19, 

20], can be combined with reduction processes in order to produce metallic powders. Some preparation 

for the leaching process is performed via a roasting process in a rotary furnace, where the sulfidic ore was 

first oxidized in an oxidic form, which is a suitable for the metal transfer to water solution. During the 

smelting process, the target metal is further refined at high temperatures and reduced to its pure form. The 

pyrometallurgical treatment of the ore was performed in an electric furnace and combined with a refining 

during distillation. Unit Operations in non-ferrous extractive metallurgy can be successfully used for the 

recovery of non-ferrous metals from secondary materials such as spent NdFeB-magnets [21].  

One proposed application of combined hydrometallurgical and pyrometallurgical unit operations in non-

ferrous metallurgy is shown at Figure 2. 

 

 
Figure 2. Applications of hydrometallurgical and pyrometallurgical unit operations for metal winning 

from raw materials in one proposed process 

 

Advantages of hydrometallurgical operations in comparison to pyrometallurgical treatment contain: 

highly selective reactions, reduced energy consumption, no off gas/flue dusts and economical processing 

of low grade ores. Some disadvantages of hydrometallurgical operations are present: formation of waste 

solutions, small grained and wet residue and low reaction velocity.  After an analysis of the positive 

influence of hydrometallurgical operations on environmental protection, carbonation process using 

olivine and metallurgical slags under high pressure and high temperature in an autoclave was confirmed 

as a positive example for an environmental protection. 

 

2. CARBONATION PROCESS 
 

The significance of the results coming from greenhouse gas (GHG) emissions to both the atmosphere and 

our lives has already been urged and is nowadays well-known. Because of the continuous increase of 

CO2 concentration in the atmosphere since the industrial revolution, various techniques are proposed. 



 
3 

Carbon capture and utilization (CCU) is considered as the most promising technique in order to use the 

product in cement industry, transforming it into insoluble carbonate (mainly calcite and magnesite), that 

is able to remain stable in a geological timeframe. Synthesis of submicron and silica was firstly studied 

via carbonation of olivine  and metallurgical slags in water solution using different size fractions (under 

20 µm, between 20 and 63 µm, and between 100 and 200 µm) with different solid/liquid ratios of 1:15 

and 1:5 at 175 °C and pressure of CO2 (70-117 bar) in an autoclave (0.5, 1.0 and 10 L) in the presence 

and in the absence of additives such hydrogen bicarbonate, oxalic acid and ascorbic acid, as shown at 

Figure 3, 

 
Figure 3: 1 L autoclave with data collection (1eft) and 10 L autoclave (right)   

 

Scale up operations in an autoclave were performed in the presence and in the absence of the previous 

mentioned additives in volume of 1170 L using the following parameters. pH: 7.2-8,5¸ Temperature (°C): 

175, max pressure: 55 bar (working pressure 30 bar), solid/liquid ratio (1:8) and max fraction: 4 mm, as 

shown at Figure 4. 

 

 
 

Figure 4. Scale up operation for carbonation process 

 

The used operations contain: mixing of slag and olivine with water, transport of the prepared suspension 

to autoclave, carbonation process with CO2 under pressure in an autoclave, and separation of filter cake 



 
4 

from water after carbonation using an industrial filter press. The used water in an autoclave after 

separation in a filter press can be used again in carbonation process. This water is a secondary source for 

the extraction of nickel, cobalt and magnesium [22, 23]. It is according with zero-waste concept of this 

study. Comparative analysis of carbonation of olivine and metallurgical slags revealed next findings: 

• Maximal carbonation efficiency (360 kgCO2/ t) was reached for an industrial waste such as a slag 

in ferrochromium production in an electric arc furnace (EAF), what is three time higher than a 

carbonation of olivine under same conditions, and higher that ladle slag from steel making, as 

shown at Figure 5.  

• Carbonation process of slag is possible in the absence of additives in comparison to olivine  

 

 
Figure 5. Comparative analysis of the carbonation of olivine and EAF- and ladle slag 

 

CO2 capturing through mineral raw materials and metallurgical slags in an autoclave enables production 

of marketable products with simultaneous sequestration. 

 

 

3. CONCLUSION 
 

In chemical and metallurgical engineering and related fields, a unit operation is a basic step in a process. 

Unit operations involve a physical change or chemical transformation such as dissolution of materials, 

separation, crystallization, evaporation, filtration, cementation and electrochemical reduction. Using 

hydrometallurgical operation enables formation a research strategy for the metal winning from primary 

and secondary materials. Combination of hydrometallurgical and pyrometallurgical treatment leads to 

reduction processes for metal winning using aqueous electrolysis or molten salt electrolysis. Carbonation 

of olivine and secondary materials such as slags, red mud and flying ashes can be new research 

challenges in order to give high contribution to an environmental protection. 
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