
 

 LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS 
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Series 1: Foundations of Ores and Minerals 
Series outline 

• 1.1 Ores, Minerals, and Rocks 

o 1.1.1 Definition and classification of ores 

o 1.1.2 Mineral types and rock-forming processes 

o 1.1.3 Economic significance of ores and minerals 
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• 1.2 Structures and Textures of Minerals 

o 1.2.1 Crystallographic structures 

o 1.2.2 Textural features and genesis 

o 1.2.3 Implications for mineral treatment 

• 1.3 Ore Analysis Techniques 

o 1.3.1 Qualitative assaying methods 

o 1.3.2 Quantitative chemical analysis 

o 1.3.3 Mineralogical analysis techniques 

• 1.4 Significance in Mineral Processing 

o 1.4.1 Relationship between mineral properties and processing methods 

o 1.4.2 Case examples of mineral genesis influencing treatment 

o 1.4.3 Practical applications in laboratory and industry 

 

 

 

Introduction 

Minerals are the foundation of the materials we use every day, from the metals in our mobile 
phones to the cement in our buildings. Before these resources can be processed and transformed 
into useful products, it is essential to understand their natural occurrence, structures, and 
properties. This Series sets the stage for the entire course by introducing you to the basic concepts 
of ores, minerals, and rocks, and by showing how their characteristics influence the methods used 
in mineral processing. 

The aim of this Series is to equip you with the knowledge and skills needed to define, classify, and 
analyse ores and minerals, and to explain how their structures and textures determine their 
treatment in mineral processing. 

We shall commence this Series by exploring the definitions and classifications of ores, minerals, 
and rocks, and their economic significance. Next, we will examine the structures and textures of 
minerals, considering their crystallographic and textural features and their implications for mineral 
genesis and treatment. Following that, we will study ore analysis techniques, including qualitative 
and quantitative assaying and mineralogical analysis. Finally, we will wrap up by discussing the 
significance of these foundations in mineral processing, linking mineral properties to practical 
applications in laboratory and industry. 

Series Learning Outcomes 
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Upon completing this Series, you should be able to: 

• SLO 1.1 define ores, minerals, and rocks, and classify them according to their properties 
and economic significance, 

• SLO 1.2 explain the crystallographic structures and textural features of minerals and 
analyse their role in mineral genesis and treatment, 

• SLO 1.3 demonstrate qualitative and quantitative ore analysis techniques, including 
chemical and mineralogical methods, 

• SLO 1.4 evaluate the significance of mineral properties in determining appropriate 
processing methods and practical applications. 

 

1.1 Ores, Minerals, and Rocks 

1.1.1 Definition and classification of ores 

An ore is a naturally occurring material that contains valuable minerals which can be extracted 
profitably. The classification of ores is based on factors such as mineral content, grade, and 
economic viability. For example, iron ore is classified according to its iron content, while bauxite is 
classified by its aluminium oxide concentration. 

Fill in the blank: An ore is a naturally occurring material that contains ______ minerals which can be 
extracted profitably. 

Diagram showing different types of ores and their classifications Figure 1.1: Classification of ores  
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1.1.2 Mineral types and rock-forming processes 

A mineral is a naturally occurring inorganic substance with a definite chemical composition and 
crystalline structure. Minerals combine to form rocks, which are broadly classified into igneous, 
sedimentary, and metamorphic types. Igneous rocks form from cooled magma, sedimentary rocks 
form from compacted sediments, and metamorphic rocks form when existing rocks are altered by 
heat and pressure. 

Fill in the blank: Rocks are broadly classified into ______, sedimentary, and metamorphic types. 

Photographs of igneous, sedimentary, and metamorphic rocks Plate 1.1: Examples of rock types  

 

1.1.3 Economic significance of ores and minerals 

The economic significance of ores and minerals lies in their role as raw materials for industries. 
For instance, copper ores are vital for electrical wiring, while limestone is essential in cement 
production. The profitability of mining depends on factors such as ore grade, extraction costs, and 
market demand. 

Fill in the blank: The profitability of mining depends on ore grade, extraction costs, and ______ 
demand. 
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Box 1.1: Selected examples of economically significant minerals  

 

Pilot questions 1.1 

1. Define ore and explain how it is classified. 

2. Distinguish between minerals and rocks. 

3. Identify the three main types of rocks and describe how each is formed. 

4. State two examples of economically significant minerals and their uses. 

5. Explain one factor that influences the profitability of mining. 

 

1.2 Structures and Textures of Minerals 

1.2.1 Crystallographic structures 

A crystallographic structure refers to the orderly arrangement of atoms within a mineral. This 
arrangement determines the mineral’s physical properties such as hardness, cleavage, and optical 
behaviour. For example, diamond and graphite are both composed of carbon, yet their different 
atomic arrangements result in vastly different properties. 

Fill in the blank: Diamond and graphite are both composed of ______, yet their atomic 
arrangements make them very different. 
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Diagram comparing atomic structures of diamond and graphite Figure 1.2: Crystallographic 
structures of diamond and graphite  

 

1.2.2 Textural features and genesis 

Texture in minerals refers to the size, shape, and arrangement of mineral grains within a rock. 
Textural features provide clues about the genesis, or origin, of the mineral deposit. For instance, 
fine-grained textures often indicate rapid cooling of magma, while coarse-grained textures suggest 
slower cooling. Textures also influence how easily minerals can be liberated during processing. 

Fill in the blank: Fine-grained textures often indicate ______ cooling of magma. 
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Photographs of fine-grained and coarse-grained rock textures Plate 1.2: Examples of mineral 
textures  

 

1.2.3 Implications for mineral treatment 

The implications of mineral structures and textures for treatment are significant. Minerals with 
complex structures may require more intensive comminution, while certain textures can enhance 
or hinder separation processes. For example, minerals with interlocking grains are harder to 
liberate, whereas those with distinct boundaries are easier to separate. Understanding these 
features allows engineers to design more efficient processing flowsheets. 

Fill in the blank: Minerals with interlocking grains are harder to ______ during processing. 
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Box 1.2: Influence of mineral structures and textures on processing methods  

 

Pilot questions 1.2 

1. Define crystallographic structure and explain its importance in mineral properties. 

2. Distinguish between fine-grained and coarse-grained textures. 

3. Explain how textural features provide clues about mineral genesis. 

4. Describe one implication of mineral texture for processing. 

5. Give an example of how atomic arrangement affects mineral properties. 

 

1.3 Ore Analysis Techniques 

1.3.1 Qualitative assaying methods 

Qualitative assaying refers to the identification of the types of minerals present in an ore without 
measuring their exact quantities. This involves techniques such as visual inspection, flame tests, 
and simple chemical reactions that reveal the presence of specific elements. For example, a flame 
test can show sodium by its bright yellow colour. These methods are often used as preliminary 
steps before more detailed quantitative analysis. 

Fill in the blank: A flame test can reveal the presence of ______ by its bright yellow colour. 
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Diagram showing flame test colours for different elements Figure 1.3: Flame test colours for 
selected elements  

 

1.3.2 Quantitative chemical analysis 

Quantitative chemical analysis measures the exact amount of a particular element or compound 
in an ore. Techniques include gravimetric analysis, titration, and instrumental methods such as 
atomic absorption spectroscopy. These methods provide precise data on ore grade, which is 
critical for determining economic viability. For instance, the aluminium oxide content in bauxite 
must be quantified before deciding on its suitability for processing. 

Fill in the blank: Quantitative chemical analysis provides precise data on ore ______, which is 
critical for economic viability. 
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Table 1.1: Common quantitative analysis methods and their applications  

 

1.3.3 Mineralogical analysis techniques 

Mineralogical analysis involves studying the mineral composition and structure of ores using 
specialised tools such as petrographic microscopes and X-ray diffraction. These techniques help 
identify mineral phases, textures, and associations, which are essential for designing effective 
processing methods. For example, identifying intergrowths of valuable and gangue minerals can 
guide the choice of separation technique. 

Fill in the blank: Mineralogical analysis often uses a ______ microscope to study mineral 
composition and textures. 
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Photograph of a petrographic microscope in use Plate 1.3: Petrographic microscope for 
mineralogical analysis  

 

Pilot questions 1.3 

1. Define qualitative assaying and give one example of its application. 

2. Explain the importance of quantitative chemical analysis in determining ore grade. 

3. List two techniques used in quantitative chemical analysis. 

4. Describe the role of mineralogical analysis in mineral processing. 

5. Identify one instrument commonly used in mineralogical analysis. 

 

1.4 Significance in Mineral Processing 

1.4.1 Relationship between mineral properties and processing methods 

The relationship between mineral properties and processing methods is central to mineral 
engineering. Properties such as hardness, density, magnetic susceptibility, and surface chemistry 
determine which separation techniques are most effective. For example, minerals with high density 
are suited to gravity separation, while those with magnetic properties can be processed using 
magnetic separators. 

Fill in the blank: Minerals with high ______ are suited to gravity separation methods. 
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Diagram linking mineral properties to processing methods Figure 1.4: Relationship between 
mineral properties and processing techniques  

 

1.4.2 Case examples of mineral genesis influencing treatment 

Mineral genesis refers to the origin and formation of minerals. The genesis of a mineral deposit 
often influences its treatment. For instance, sulphide ores formed in hydrothermal environments 
may require flotation, while lateritic bauxite deposits are more suited to leaching. Recognising the 
genesis helps engineers anticipate challenges such as impurities or complex mineral associations. 

Fill in the blank: Sulphide ores formed in hydrothermal environments are often treated using ______ 
methods. 
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Box 1.3: Examples of mineral genesis and corresponding treatment methods  

 

1.4.3 Practical applications in laboratory and industry 

The practical applications of mineral properties and genesis are evident in both laboratory 
experiments and industrial practice. In the laboratory, petrographic microscopes are used to 
identify mineral components, while bench-scale tests simulate separation processes. In industry, 
flowsheets are designed based on mineralogical data to maximise recovery and minimise losses. 
This integration of theory and practice ensures efficient and sustainable mineral processing. 

Fill in the blank: In industry, flowsheets are designed based on ______ data to maximise recovery 
and minimise losses. 
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Photograph of a mineral processing laboratory setup Plate 1.4: Laboratory applications in mineral 
processing  

 

Pilot questions 1.4 

1. Explain how mineral properties influence the choice of processing methods. 

2. Give one example of mineral genesis and its corresponding treatment method. 

3. Describe the role of petrographic microscopes in laboratory practice. 

4. State one way flowsheets are used in industry. 

5. Why is understanding mineral genesis important for processing efficiency? 

 

Series Summary 

This Series has introduced you to the foundations of ores and minerals, which form the basis of 
mineral processing technology. We began by defining and classifying ores, minerals, and rocks, 
highlighting their economic significance. Then we examined the crystallographic structures and 
textural features of minerals, considering how these influence mineral genesis and treatment. 
Following that, we explored ore analysis techniques, including qualitative assaying, quantitative 
chemical analysis, and mineralogical methods. Finally, we discussed the significance of mineral 
properties and genesis in determining appropriate processing methods, linking theory to laboratory 
and industrial practice. 
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By completing this Series, you should now be able to define and classify ores, minerals, and rocks, 
explain their structures and textures, demonstrate ore analysis techniques, and evaluate the 
significance of mineral properties in mineral processing. These skills directly align with the Series 
Learning Outcomes and provide a strong foundation for the subsequent Series in this course. 

Glossary of Terms 

• Crystallographic structure: The orderly arrangement of atoms within a mineral that 
determines its physical properties. 

• Economic significance: The importance of ores and minerals as raw materials for 
industries, influencing profitability and demand. 

• Genesis: The origin and formation process of a mineral deposit, which affects its treatment 
in processing. 

• Mineral: A naturally occurring inorganic substance with a definite chemical composition 
and crystalline structure. 

• Mineralogical analysis: The study of mineral composition and structure using tools such 
as petrographic microscopes and X-ray diffraction. 

• Ore: A naturally occurring material containing valuable minerals that can be extracted 
profitably. 

• Qualitative assaying: Methods used to identify the types of minerals present in an ore 
without measuring their exact quantities. 

• Quantitative chemical analysis: Techniques used to measure the exact amount of a 
particular element or compound in an ore. 

• Rock: A naturally occurring solid composed of one or more minerals, classified as igneous, 
sedimentary, or metamorphic. 

• Texture: The size, shape, and arrangement of mineral grains within a rock, providing clues 
about its genesis. 

Concept Check Questions [Series 1] 

Objective questions 

1. Define ore. (Linked to SLO 1.1) 

2. Which type of rock forms from cooled magma? (Linked to SLO 1.1) 

3. What instrument is commonly used in mineralogical analysis? (Linked to SLO 1.3) 

Short-answer questions 

4. Explain how crystallographic structure influences mineral properties. (Linked to SLO 1.2) 
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5. State one difference between qualitative and quantitative ore analysis. (Linked to SLO 1.3) 

6. Give one example of mineral genesis and its corresponding treatment method. (Linked to 
SLO 1.4) 

Long-answer questions 

7. Analyse how mineral textures influence liberation and separation processes in mineral 
processing. (Linked to SLO 1.2) 

8. Evaluate the significance of mineral properties in designing industrial flowsheets. (Linked to 
SLO 1.4) 

Answers to Concept Check Questions [Series 1] 

Objective questions 

1. An ore is a naturally occurring material containing valuable minerals that can be extracted 
profitably. 

2. Igneous rock. 

3. Petrographic microscope. 

Short-answer questions 

4. Crystallographic structure determines physical properties such as hardness, cleavage, and 
optical behaviour. 

5. Qualitative analysis identifies mineral types, while quantitative analysis measures exact 
amounts. 

6. Sulphide ores formed in hydrothermal environments are often treated using flotation. 

Long-answer questions 

7. Basic response: Fine-grained textures indicate rapid cooling and may hinder liberation, 
while coarse-grained textures facilitate separation. Value-added response: Outstanding 
learners may discuss how interlocking grains complicate comminution, requiring more 
energy, and how distinct boundaries improve efficiency in separation processes. 

8. Basic response: Mineral properties such as density and magnetism guide the choice of 
separation methods in flowsheet design. Value-added response: Outstanding learners 
may evaluate how integrating mineralogical data with economic considerations ensures 
sustainable and cost-effective processing. 

Answers to Pilot Questions [Series 1] 

1. An ore is a naturally occurring material containing valuable minerals, classified by mineral 
content and economic value. 
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2. Minerals are inorganic substances with definite composition and structure, while rocks are 
aggregates of minerals. 

3. Igneous, sedimentary, and metamorphic rocks. 

4. Copper for electrical wiring, limestone for cement production. 

5. Market demand. 

6. Crystallographic structure is the atomic arrangement that influences mineral properties. 

7. Fine-grained textures indicate rapid cooling, coarse-grained textures indicate slow cooling. 

8. Textural features reveal genesis and influence liberation. 

9. Interlocking grains hinder liberation. 

10. Diamond and graphite differ due to atomic arrangement. 

11. Qualitative assaying identifies mineral types, e.g., flame test. 

12. Quantitative analysis determines ore grade. 

13. Gravimetric analysis and titration. 

14. Mineralogical analysis identifies mineral phases and textures. 

15. Petrographic microscope. 

16. Properties such as density and magnetism determine processing methods. 

17. Hydrothermal sulphide ores treated by flotation. 

18. Petrographic microscopes identify mineral components. 

19. Flowsheets maximise recovery and minimise losses. 

20. Genesis influences impurities and treatment efficiency. 

References and Attributions [Series 1] 

• Figure 1.1: Classification of ores. Suggested AI prompt: “Create a labelled diagram showing 
types of ores classified by mineral content and economic value.” Search string: 
“classification of ores diagram OER.” 

• Plate 1.1: Examples of rock types. Suggested AI prompt: “Generate images of igneous, 
sedimentary, and metamorphic rocks side by side.” Search string: “igneous sedimentary 
metamorphic rock images OER.” 

• Figure 1.2: Crystallographic structures of diamond and graphite. Suggested AI prompt: 
“Create a labelled diagram showing atomic arrangements in diamond and graphite.” 
Search string: “diamond graphite crystal structure diagram OER.” 
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• Plate 1.2: Examples of mineral textures. Suggested AI prompt: “Generate side-by-side 
images of fine-grained and coarse-grained rock textures.” Search string: “igneous rock 
textures fine coarse OER.” 

• Box 1.2: Influence of mineral structures and textures on processing methods. Suggested AI 
prompt: “Create a table showing mineral structures/textures and their impact on 
processing.” Search string: “mineral textures processing impact table OER.” 

• Figure 1.3: Flame test colours for selected elements. Suggested AI prompt: “Create a 
labelled diagram showing flame test colours for sodium, potassium, and copper.” Search 
string: “flame test colours diagram OER.” 

• Table 1.1: Common quantitative analysis methods and their applications. Suggested AI 
prompt: “Create a table listing gravimetric analysis, titration, and atomic absorption 
spectroscopy with their uses.” Search string: “quantitative chemical analysis methods 
table OER.” 

• Plate 1.3: Petrographic microscope for mineralogical analysis. Suggested AI prompt: 
“Generate an image of a petrographic microscope being used to study mineral samples.” 
Search string: “petrographic microscope mineral analysis OER.” 

• Figure 1.4: Relationship between mineral properties and processing techniques. Suggested 
AI prompt: “Create a flow diagram showing mineral properties linked to processing 
methods.” Search string: “mineral properties processing methods diagram OER.” 

• Box 1.3: Examples of mineral genesis and corresponding treatment methods. Suggested AI 
prompt: “Create a table showing mineral genesis types and their preferred treatment 
methods.” Search string: “mineral genesis treatment methods table OER.” 

• Plate 1.4: Laboratory applications in mineral processing. Suggested AI prompt: “Generate 
an image of a mineral processing laboratory with microscopes and separation equipment.” 
Search string: “mineral processing laboratory equipment OER.” 

 

 

 

Series 2: Comminution and Particle Analysis 
Series outline 

• 2.1 Basic comminution theory 

o 2.1.1 Principles of size reduction 

o 2.1.2 Energy requirements in comminution 
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o 2.1.3 Liberation of mineral particles 

• 2.2 Comminution equipment and processes 

o 2.2.1 Crushing equipment and operations 

o 2.2.2 Grinding mills and circuits 

o 2.2.3 Factors affecting comminution efficiency 

• 2.3 Particle sizing by screening 

o 2.3.1 Principles of screening 

o 2.3.2 Types of screens and applications 

o 2.3.3 Limitations of screening methods 

• 2.4 Particle sizing by classification 

o 2.4.1 Principles of classification 

o 2.4.2 Hydraulic and mechanical classifiers 

o 2.4.3 Cyclones and modern classifiers 

• 2.5 Particle size analysis 

o 2.5.1 Methods of particle size measurement 

o 2.5.2 Presentation of particle size data 

o 2.5.3 Applications in mineral processing 

• Introduction 
• Mineral processing begins with breaking down large pieces of ore into smaller fragments so that 

valuable minerals can be liberated and separated. This process, known as comminution, is 

fundamental because it directly influences the efficiency of subsequent concentration and 

recovery methods. Alongside comminution, the accurate measurement and presentation of 

particle sizes is equally important, as it guides engineers in selecting appropriate equipment and 

designing effective flowsheets. 

• The aim of this Series is to provide you with a clear understanding of comminution principles, 

equipment, and processes, as well as the techniques used for particle sizing and analysis. By 

mastering these concepts, you will be able to explain how ores are reduced, how particle sizes are 

measured, and how this information is applied in mineral processing. 

• We shall commence this Series by examining the basic theories of comminution, focusing on size 

reduction, energy requirements, and particle liberation. Next, we will explore comminution 

equipment and processes, including crushing and grinding operations. Following that, we will 

study particle sizing by screening, considering its principles, applications, and limitations. We 

will then move on to particle sizing by classification, where hydraulic and mechanical classifiers, 

as well as cyclones, will be discussed. Finally, we will conclude with particle size analysis, 

looking at measurement methods, data presentation, and practical applications in mineral 

processing. 
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Series Learning Outcomes 

Upon completing Series 2: Comminution and Particle Analysis, you should be able to: 

• SLO 2.1 explain the basic principles of comminution, including size reduction, energy 
requirements, and particle liberation, 

• SLO 2.2 describe the main types of comminution equipment and processes, and analyse 
factors affecting their efficiency, 

• SLO 2.3 demonstrate how particle sizing is carried out using screening methods, and 
evaluate their applications and limitations, 

• SLO 2.4 apply particle sizing techniques using classification methods, including hydraulic 
classifiers and cyclones, 

• SLO 2.5 present and interpret particle size data using appropriate analysis methods in 
mineral processing. 

 

2.1 Basic Comminution Theory 

2.1.1 Principles of size reduction 

Comminution is the process of reducing the size of ore particles to liberate valuable minerals. The 
principle behind size reduction is to apply mechanical forces such as compression, impact, and 
attrition to break down large pieces of ore into smaller fragments. The choice of method depends 
on the hardness and structure of the ore. For example, brittle ores are more easily broken by 
impact, while tougher ores may require compression. 

Fill in the blank: The process of reducing ore particle size to liberate valuable minerals is called 
______. 
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Diagram showing compression, impact, and attrition forces in comminution Figure 2.1: Principles 
of size reduction in comminution  

 

2.1.2 Energy requirements in comminution 

The energy requirement in comminution refers to the amount of energy needed to achieve a 
desired level of size reduction. Several theories, such as Kick’s law, Rittinger’s law, and Bond’s law, 
attempt to quantify this relationship. Kick’s law states that energy required is proportional to the 
size reduction ratio, while Rittinger’s law relates energy to the new surface area created. Bond’s 
law provides a practical estimate for industrial applications. 

Fill in the blank: Rittinger’s law relates energy requirement to the new ______ area created during 
comminution. 
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Table 2.1: Comparison of comminution energy laws  

 

2.1.3 Liberation of mineral particles 

Liberation refers to the process of freeing valuable minerals from the surrounding gangue material. 
Effective liberation is essential for successful separation in later stages of mineral processing. The 
degree of liberation depends on the texture of the ore and the extent of size reduction. For example, 
ores with interlocking grains may require finer grinding to achieve adequate liberation. 

Fill in the blank: Effective liberation is essential for successful ______ in later stages of mineral 
processing. 
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Photograph of ore samples showing liberated and unliberated mineral particles Plate 2.1: 
Examples of mineral liberation in ores  

 

Pilot questions 2.1 

1. Define comminution and explain its purpose in mineral processing. 

2. Distinguish between compression, impact, and attrition forces in comminution. 

3. State the main principle of Kick’s law. 

4. Explain how Rittinger’s law relates energy to surface area. 

5. Why is mineral liberation important in processing? 

 

2.2 Comminution Equipment and Processes 

2.2.1 Crushing equipment and operations 

Crushing is the first stage of comminution, where large ore fragments are reduced to smaller sizes 
using mechanical force. Common crushing equipment includes jaw crushers, gyratory crushers, 
and cone crushers. Jaw crushers use compression between two plates, gyratory crushers employ a 
gyrating spindle, and cone crushers provide finer reduction. The choice of equipment depends on 
ore hardness, feed size, and desired product size. 

Fill in the blank: Jaw crushers reduce ore size by applying ______ between two plates. 
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Diagram showing jaw, gyratory, and cone crushers Figure 2.2: Types of crushing equipment  

 

2.2.2 Grinding mills and circuits 

Grinding is the second stage of comminution, where crushed ore is further reduced to fine 
particles. Grinding mills include ball mills, rod mills, and semi-autogenous (SAG) mills. Ball mills 
use steel balls as grinding media, rod mills use steel rods, and SAG mills combine ore itself with 
grinding media. Grinding circuits may be open or closed, with classifiers used in closed circuits to 
control particle size. 

Fill in the blank: Ball mills use steel ______ as grinding media to reduce ore size. 
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Photograph of a ball mill in operation Plate 2.2: Ball mill used in mineral processing  

 

2.2.3 Factors affecting comminution efficiency 

The efficiency of comminution depends on several factors, including ore hardness, moisture 
content, feed size, and equipment design. Harder ores require more energy, while excessive 
moisture can clog equipment. Proper feed size ensures effective reduction, and equipment design 
influences throughput and product quality. Engineers must balance these factors to achieve 
optimal performance and minimise energy consumption. 

Fill in the blank: Excessive ______ content in ore can clog comminution equipment and reduce 
efficiency. 
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Box 2.1: Key factors influencing comminution efficiency  

 

Pilot questions 2.2 

1. Name three types of crushing equipment and explain how each works. 

2. Distinguish between ball mills, rod mills, and SAG mills. 

3. What is the difference between open and closed grinding circuits? 

4. State one factor that affects comminution efficiency. 

5. Why is equipment design important in comminution? 

 

2.3 Particle Sizing by Screening 

2.3.1 Principles of screening 

Screening is the process of separating particles according to size using a screen surface with 
openings of defined dimensions. Larger particles are retained on the screen, while smaller ones 
pass through. Screening is essential in mineral processing because it ensures that particles are 
appropriately sized for subsequent operations such as grinding or separation. The efficiency of 
screening depends on factors such as particle shape, moisture content, and screen design. 

Fill in the blank: Screening separates particles according to ______ using a screen surface with 
openings of defined dimensions. 
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Diagram showing the principle of screening with oversized and undersized particles Figure 2.3: 
Principle of particle screening  

 

2.3.2 Types of screens and applications 

There are several types of screens used in mineral processing, including vibrating screens, 
trommel screens, and stationary grizzlies. Vibrating screens use mechanical vibration to improve 
efficiency, trommel screens are rotating cylindrical screens often used in coal and aggregate 
industries, and grizzlies are heavy-duty stationary screens used for coarse separation. Each type of 
screen is suited to specific applications depending on ore characteristics and processing 
requirements. 

Fill in the blank: Trommel screens are rotating ______ screens often used in coal and aggregate 
industries. 
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Photographs of vibrating screen, trommel screen, and grizzly screen Plate 2.3: Types of screens 
used in mineral processing  

 

2.3.3 Limitations of screening methods 

Despite its usefulness, screening has certain limitations. Moisture can cause particles to stick 
together, reducing efficiency. Irregular particle shapes may pass through openings incorrectly, 
leading to inaccurate sizing. Additionally, very fine particles are difficult to separate by screening 
alone, requiring classification methods instead. Engineers must therefore evaluate when screening 
is appropriate and when alternative methods are necessary. 

Fill in the blank: Very fine particles are difficult to separate by screening alone and may require 
______ methods instead. 
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Box 2.2: Limitations of screening in mineral processing  

 

Pilot questions 2.3 

1. Define screening and explain its purpose in mineral processing. 

2. Name three types of screens and state one application for each. 

3. What factor can reduce screening efficiency by causing particles to stick together? 

4. Why are very fine particles difficult to separate by screening? 

5. Explain one limitation of screening related to particle shape. 

 

2.4 Particle Sizing by Classification 

2.4.1 Principles of classification 

Classification is the process of separating particles based on size, shape, or density using a fluid 
medium such as water or air. Unlike screening, which relies on fixed openings, classification uses 
differences in settling velocity to separate fine and coarse particles. Coarse particles settle faster, 
while fine particles remain suspended longer. This principle is widely applied in mineral processing 
to control particle size distribution before further treatment. 

Fill in the blank: Classification separates particles based on differences in ______ velocity in a fluid 
medium. 
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Diagram showing coarse particles settling faster than fine particles in water Figure 2.4: Principle of 
particle classification  

 

2.4.2 Hydraulic and mechanical classifiers 

Hydraulic classifiers use water flow to separate particles, with coarse particles settling at the 
bottom and fine particles carried away by the current. Mechanical classifiers, such as rake and 
spiral classifiers, use mechanical action to assist separation. Rake classifiers employ moving arms 
to lift coarse particles, while spiral classifiers use a rotating spiral to transport settled particles. 
These devices are commonly used in grinding circuits to control product size. 

Fill in the blank: Spiral classifiers use a rotating ______ to transport settled particles. 
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Photographs of hydraulic classifier, rake classifier, and spiral classifier Plate 2.4: Types of hydraulic 
and mechanical classifiers  

 

2.4.3 Cyclones and modern classifiers 

Cyclones are widely used modern classifiers that separate particles by centrifugal force. Ore slurry 
is fed tangentially into the cyclone, creating a vortex. Coarse particles are forced to the wall and 
exit through the underflow, while fine particles are carried upward and exit through the overflow. 
Modern classifiers also include air classifiers, which separate particles using airflow. Cyclones are 
valued for their efficiency, compact design, and ability to handle large volumes. 

Fill in the blank: In a cyclone, coarse particles exit through the ______, while fine particles leave 
through the overflow. 
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Box 2.3: Advantages of cyclones in mineral processing  

 

Pilot questions 2.4 

1. Define classification and explain how it differs from screening. 

2. Describe the principle behind hydraulic classifiers. 

3. Explain the function of rake and spiral classifiers. 

4. How do cyclones separate coarse and fine particles? 

5. State one advantage of using cyclones in mineral processing. 

 

2.5 Particle Size Analysis 

2.5.1 Methods of particle size measurement 

Particle size analysis involves determining the distribution of particle sizes within a sample. 
Common methods include sieve analysis, sedimentation techniques, and modern instrumental 
methods such as laser diffraction. Sieve analysis is simple and widely used for coarse particles, 
while sedimentation relies on settling rates in a fluid. Laser diffraction provides rapid and precise 
measurements for fine particles. 

Fill in the blank: Sieve analysis is most suitable for measuring ______ particles. 
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Diagram showing sieve analysis with stacked sieves of different mesh sizes Figure 2.5: Principle of 
sieve analysis  

 

2.5.2 Presentation of particle size data 

The results of particle size analysis are typically presented as size distribution curves or 
histograms. These show the proportion of particles within specific size ranges. Engineers use these 
data to evaluate grinding efficiency and to design separation processes. Cumulative curves are 
especially useful for understanding the percentage of particles finer than a given size. 

Fill in the blank: Particle size distribution curves show the proportion of particles within specific 
______ ranges. 
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Table 2.2: Common ways of presenting particle size data  

 

2.5.3 Applications in mineral processing 

The applications of particle size analysis in mineral processing are extensive. It helps determine 
whether comminution has achieved the desired liberation, guides the selection of separation 
techniques, and ensures product quality. For example, flotation requires fine particles, while 
gravity separation is more effective with coarser particles. Accurate particle size data therefore 
supports both laboratory testing and industrial operations. 

Fill in the blank: Flotation processes are more effective when treating ______ particles. 
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Photograph of laboratory equipment used for particle size analysis Plate 2.5: Laboratory setup for 
particle size analysis  

 

Pilot questions 2.5 

1. Define particle size analysis and state its purpose. 

2. Name three methods of particle size measurement. 

3. How are particle size data typically presented? 

4. Why are cumulative curves useful in particle size analysis? 

5. Give one example of how particle size analysis guides mineral processing applications. 

 

Series Summary 

This Series has explored the essential concepts of comminution and particle analysis, which are 
central to mineral processing. We began with the basic theory of comminution, examining size 
reduction, energy requirements, and mineral liberation. We then studied comminution equipment 
and processes, including crushing and grinding operations, and the factors that influence 
efficiency. Following that, we looked at particle sizing by screening, considering its principles, 
types, and limitations. We continued with particle sizing by classification, focusing on hydraulic 
and mechanical classifiers as well as cyclones. Finally, we concluded with particle size analysis, 
covering measurement methods, data presentation, and practical applications. 
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By completing this Series, you should now be able to explain comminution principles, describe 
equipment and processes, demonstrate screening methods, apply classification techniques, and 
interpret particle size data. These skills align directly with the Series Learning Outcomes and 
provide the analytical foundation needed for effective mineral processing. 

Glossary of Terms 

• Ball mill: A grinding device that uses steel balls as media to reduce ore size. 

• Classification: The process of separating particles based on differences in settling velocity 
in a fluid medium. 

• Comminution: The process of reducing ore particle size to liberate valuable minerals. 

• Cyclone: A modern classifier that separates particles using centrifugal force in a vortex. 

• Grinding: The stage of comminution where ore is reduced to fine particles using mills. 

• Liberation: The freeing of valuable minerals from gangue material during size reduction. 

• Screening: The process of separating particles according to size using a screen surface. 

• Sieve analysis: A particle size measurement method using stacked sieves of different 
mesh sizes. 

• Spiral classifier: A mechanical classifier that uses a rotating spiral to transport settled 
particles. 

• Trommel screen: A rotating cylindrical screen used for particle sizing, often in coal and 
aggregate industries. 

Concept Check Questions [Series 2] 

Objective questions 

1. What is comminution? (Linked to SLO 2.1) 

2. Which grinding device uses steel balls as media? (Linked to SLO 2.2) 

3. In a cyclone, coarse particles exit through the ______. (Linked to SLO 2.4) 

Short-answer questions 

4. Explain the difference between screening and classification. (Linked to SLO 2.3, SLO 2.4) 

5. State one limitation of screening methods. (Linked to SLO 2.3) 

6. Give one example of how particle size analysis guides mineral processing applications. 
(Linked to SLO 2.5) 

Long-answer questions 
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7. Analyse how energy laws (Kick’s, Rittinger’s, Bond’s) contribute to understanding 
comminution requirements. (Linked to SLO 2.1) 

8. Evaluate the role of particle size analysis in improving efficiency of mineral processing 
flowsheets. (Linked to SLO 2.5) 

Answers to Concept Check Questions [Series 2] 

Objective questions 

1. Comminution is the process of reducing ore particle size to liberate valuable minerals. 

2. Ball mill. 

3. Underflow. 

Short-answer questions 

4. Screening separates particles using fixed openings, while classification uses settling 
velocity in a fluid medium. 

5. Moisture can cause particles to stick together, reducing efficiency. 

6. Particle size analysis helps determine whether comminution has achieved liberation and 
guides the choice of separation techniques. 

Long-answer questions 

7. Basic response: Kick’s law relates energy to size reduction ratio, Rittinger’s law to surface 
area created, and Bond’s law provides practical estimates. Value-added response: 
Outstanding learners may discuss how these laws complement each other, with Bond’s 
law bridging theoretical and industrial applications, ensuring accurate energy predictions 
for different ore types. 

8. Basic response: Particle size analysis ensures that particles are appropriately sized for 
separation methods, improving efficiency. Value-added response: Outstanding learners 
may evaluate how integrating particle size data into flowsheet design reduces energy 
consumption, enhances recovery rates, and supports sustainable mineral processing. 

Answers to Pilot Questions [Series 2] 

1. Comminution is reducing ore particle size to liberate minerals. 

2. Compression squeezes particles, impact strikes them, attrition grinds them. 

3. Kick’s law states energy is proportional to size reduction ratio. 

4. Rittinger’s law relates energy to new surface area. 

5. Liberation is important for successful separation. 
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6. Jaw, gyratory, and cone crushers. 

7. Ball mills use balls, rod mills use rods, SAG mills use ore plus media. 

8. Open circuits lack classifiers, closed circuits use classifiers to control size. 

9. Ore hardness, moisture, feed size, equipment design. 

10. Equipment design influences throughput and product quality. 

11. Screening separates particles by size using openings. 

12. Vibrating screens, trommel screens, grizzlies. 

13. Moisture causes particles to stick together. 

14. Very fine particles are difficult to separate by screening. 

15. Irregular shapes may pass incorrectly. 

16. Classification separates particles by settling velocity. 

17. Hydraulic classifiers use water flow. 

18. Rake classifiers lift particles, spiral classifiers transport them. 

19. Cyclones use centrifugal force; coarse particles exit underflow, fine particles overflow. 

20. Cyclones are efficient, compact, and handle large volumes. 

21. Particle size analysis determines distribution of particle sizes. 

22. Sieve analysis, sedimentation, laser diffraction. 

23. Data presented as histograms or cumulative curves. 

24. Cumulative curves show percentage finer than a given size. 

25. Particle size analysis guides flotation (fine particles) and gravity separation (coarse 
particles). 

References and Attributions [Series 2] 

• Figure 2.1: Principles of size reduction in comminution. Suggested AI prompt: “Create a 
labelled diagram showing compression, impact, and attrition forces breaking ore 
particles.” Search string: “comminution forces compression impact attrition diagram 
OER.” 

• Table 2.1: Comparison of comminution energy laws. Suggested AI prompt: “Create a table 
comparing Kick’s law, Rittinger’s law, and Bond’s law with their key principles.” Search 
string: “comminution energy laws comparison table OER.” 
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• Plate 2.1: Examples of mineral liberation in ores. Suggested AI prompt: “Generate images of 
ore samples showing liberated and unliberated mineral particles under a microscope.” 
Search string: “mineral liberation ore samples microscope OER.” 

• Figure 2.2: Types of crushing equipment. Suggested AI prompt: “Create a labelled diagram 
comparing jaw crusher, gyratory crusher, and cone crusher.” Search string: “jaw gyratory 
cone crusher diagram OER.” 

• Plate 2.2: Ball mill used in mineral processing. Suggested AI prompt: “Generate an image of 
a ball mill in operation inside a mineral processing plant.” Search string: “ball mill mineral 
processing plant OER.” 

• Box 2.1: Key factors influencing comminution efficiency. Suggested AI prompt: “Create a 
table listing ore hardness, moisture content, feed size, and equipment design with their 
effects on efficiency.” Search string: “factors affecting comminution efficiency table OER.” 

• Figure 2.3: Principle of particle screening. Suggested AI prompt: “Create a labelled diagram 
showing oversized particles retained on a screen and undersized particles passing 
through.” Search string: “principle of particle screening diagram OER.” 

• Plate 2.3: Types of screens used in mineral processing. Suggested AI prompt: “Generate 
images of vibrating screen, trommel screen, and grizzly screen used in mineral processing.” 
Search string: “types of screens mineral processing OER.” 

• Box 2.2: Limitations of screening in mineral processing. Suggested AI prompt: “Create a 
table listing limitations of screening such as moisture, particle shape, and fine particle 
separation.” Search string: “limitations of screening mineral processing table OER.” 

• Figure 2.4: Principle of particle classification. Suggested AI prompt: “Create a labelled 
diagram showing coarse particles settling quickly and fine particles remaining suspended 
in water.” Search string: “principle of particle classification diagram OER.” 

• Plate 2.4: Types of hydraulic and mechanical classifiers. Suggested AI prompt: “Generate 
images of hydraulic classifier, rake classifier, and spiral classifier used in mineral 
processing.” Search string: “hydraulic rake spiral classifier mineral processing OER.” 

• Box 2.3: Advantages of cyclones in mineral processing. Suggested AI prompt: “Create a 
table listing advantages of cyclones such as efficiency, compact design, and large-volume 
handling.” Search string: “advantages of cyclones mineral processing table OER.” 

• Figure 2.5: Principle of sieve analysis. Suggested AI prompt: “Create a labelled diagram 
showing stacked sieves separating coarse particles by size.” Search string: “sieve analysis 
particle size diagram OER.” 

• Table 2.2: Common ways of presenting particle size data. Suggested AI prompt: “Create a 
table listing histograms, cumulative curves, and size distribution plots with their uses.” 
Search string: “particle size distribution presentation methods table OER.” 
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• Plate 2.5: Laboratory setup for particle size analysis. Suggested AI prompt: “Generate an 
image of laboratory equipment used for particle size analysis including sieves and laser 
diffraction instruments.” Search string: “particle size analysis laboratory equipment OER.” 
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Series outline 

• 3.1 Principles of mineral separation 

o 3.1.1 Fundamentals of separation processes 

o 3.1.2 Physical and chemical properties influencing separation 

o 3.1.3 Criteria for selecting separation methods 

• 3.2 Gravity separation methods 

o 3.2.1 Principles of gravity concentration 

o 3.2.2 Common equipment (jigs, shaking tables, spirals) 

o 3.2.3 Applications and limitations 

• 3.3 Magnetic and electrostatic separation 

o 3.3.1 Principles of magnetic separation 

o 3.3.2 Types of magnetic separators 

o 3.3.3 Principles of electrostatic separation and applications 

• 3.4 Flotation techniques 
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o 3.4.2 Flotation cells and circuits 

o 3.4.3 Industrial applications and challenges 

• 3.5 Emerging and specialised separation methods 

o 3.5.1 Advances in sensor-based sorting 

o 3.5.2 Bio-mineral separation approaches 
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o 3.5.3 Integration of separation methods in modern flowsheets 

 

Introduction 

Mineral separation is the stage of mineral processing where valuable minerals are separated from 
gangue materials after comminution and sizing. This step is critical because it determines the 
quality and recovery of the final product. Different separation techniques exploit variations in 
physical and chemical properties such as density, magnetism, surface chemistry, and 
conductivity. 

The aim of this Series is to equip you with a clear understanding of the principles and applications 
of mineral separation techniques. You will learn how gravity, magnetic, electrostatic, and flotation 
methods are applied in practice, and explore emerging technologies that are shaping modern 
mineral processing. By mastering these concepts, you will be able to select appropriate separation 
methods and evaluate their effectiveness in different contexts. 

We shall begin with the principles of mineral separation, focusing on the properties that influence 
method selection. Next, we will study gravity separation methods and their equipment. We will 
then examine magnetic and electrostatic separation, followed by flotation techniques, which are 
widely used for fine particles. Finally, we will conclude with emerging and specialised separation 
methods, including sensor-based sorting and bio-mineral approaches, highlighting their role in 
modern flowsheets. 

 

Series Learning Outcomes 

Upon completing Series 3: Mineral Separation Techniques, you should be able to: 

• SLO 3.1 explain the fundamental principles of mineral separation and identify the physical 
and chemical properties that influence method selection, 

• SLO 3.2 describe gravity separation methods, outline the operation of common equipment 
such as jigs, shaking tables, and spirals, and evaluate their applications and limitations, 

• SLO 3.3 analyse magnetic and electrostatic separation techniques, including their 
principles, equipment types, and industrial uses, 

• SLO 3.4 demonstrate understanding of flotation techniques, including the role of reagents, 
flotation cells, and circuits, and assess their industrial applications and challenges, 

• SLO 3.5 evaluate emerging and specialised separation methods such as sensor-based 
sorting and bio-mineral approaches, and explain how they integrate into modern mineral 
processing flowsheets. 

 

3.1 Principles of Mineral Separation 
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3.1.1 Fundamentals of separation processes 

Mineral separation is the stage in mineral processing where valuable minerals are separated from 
gangue based on differences in their physical or chemical properties. The fundamental principle is 
to exploit contrasts such as density, magnetism, conductivity, or surface chemistry. For example, 
gold can be concentrated by gravity methods due to its high density, while sulphide minerals are 
separated by flotation because of their surface properties. 

Fill in the blank: Mineral separation exploits differences in physical or ______ properties between 
valuable minerals and gangue. 

Diagram showing separation based on density, magnetism, and surface chemistry Figure 3.1: 
Fundamental principles of mineral separation  

 

3.1.2 Physical and chemical properties influencing separation 

The success of mineral separation depends on recognising and utilising key properties: 

• Density: exploited in gravity separation. 

• Magnetism: exploited in magnetic separation. 

• Conductivity: exploited in electrostatic separation. 

• Surface chemistry: exploited in flotation. 

Each property determines which technique is most effective. For instance, minerals with strong 
magnetic susceptibility are best processed using magnetic separators, while differences in surface 
wettability guide flotation. 
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Fill in the blank: Differences in surface ______ are exploited in flotation processes. 

Table 3.1: Properties influencing mineral separation and corresponding techniques  

 

3.1.3 Criteria for selecting separation methods 

Selecting the appropriate separation method requires considering ore characteristics, particle 
size, economic factors, and environmental impact. Engineers must evaluate: 

• Ore mineralogy and texture. 

• Degree of liberation achieved after comminution. 

• Cost-effectiveness of the method. 

• Environmental sustainability and waste management. 

For example, flotation may be chosen for fine sulphide ores, while gravity separation may be more 
suitable for coarse, dense minerals. 

Fill in the blank: The choice of separation method depends on ore characteristics, particle size, and 
______ factors. 
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Box 3.1: Criteria for selecting mineral separation methods  

 

Pilot questions 3.1 

1. Define mineral separation and explain its purpose in mineral processing. 

2. Name three physical or chemical properties exploited in mineral separation. 

3. Which property is exploited in flotation processes? 

4. State one criterion used to select a separation method. 

5. Why is ore mineralogy important in choosing a separation technique? 

 

3.2 Gravity Separation Methods 

3.2.1 Principles of gravity concentration 

Gravity separation exploits differences in mineral density to achieve concentration. When 
particles are subjected to a fluid medium or mechanical motion, denser minerals settle faster than 
lighter gangue. This principle is widely used for minerals such as gold, tin, and iron ore. The 
efficiency of gravity concentration depends on particle size, shape, and liberation. 

Fill in the blank: Gravity separation exploits differences in mineral ______ to achieve concentration. 
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Diagram showing dense particles settling faster than lighter ones in a fluid medium Figure 3.2: 
Principle of gravity concentration  

 

3.2.2 Common equipment (jigs, shaking tables, spirals) 

Several types of equipment are used in gravity separation: 

• Jigs: Pulsating water currents separate minerals by density. 

• Shaking tables: Inclined tables with a shaking motion separate particles into bands 
according to density. 

• Spirals: Helical troughs use flowing water to concentrate heavy minerals along the inner 
edge. 

Each device is suited to particular particle sizes and ore types. For example, jigs are effective for 
coarse particles, while spirals and shaking tables are better for fine particles. 

Fill in the blank: Shaking tables separate particles into bands according to differences in ______. 
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Photographs of jig, shaking table, and spiral concentrator Plate 3.2: Common gravity separation 
equipment  

 

3.2.3 Applications and limitations 

Gravity separation is widely applied in the recovery of gold, tin, and iron ores. It is cost-effective 
and environmentally friendly since it does not require chemical reagents. However, it has 
limitations: efficiency decreases with very fine particles, and ores with similar densities are difficult 
to separate. Engineers often combine gravity methods with other techniques to improve recovery. 

Fill in the blank: Gravity separation is less effective when dealing with very ______ particles. 
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Box 3.2: Applications and limitations of gravity separation  

 

Pilot questions 3.2 

1. Define gravity separation and explain its principle. 

2. Name three types of gravity separation equipment. 

3. Which equipment uses pulsating water currents to separate minerals? 

4. State one application of gravity separation. 

5. Why is gravity separation less effective for very fine particles? 

 

3.3 Magnetic and Electrostatic Separation 

3.3.1 Principles of magnetic separation 

Magnetic separation exploits differences in magnetic susceptibility between minerals. Strongly 
magnetic minerals such as magnetite are easily separated from non-magnetic gangue using 
magnetic fields. Weakly magnetic minerals may require high-intensity separators. The principle is 
simple: magnetic particles are attracted to a magnetic field, while non-magnetic particles are not. 

Fill in the blank: Magnetic separation exploits differences in mineral ______ susceptibility. 
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Diagram showing magnetic particles attracted to a magnetic drum while non-magnetic particles 
fall away Figure 3.3: Principle of magnetic separation  

 

3.3.2 Types of magnetic separators 

There are several types of magnetic separators: 

• Low-intensity magnetic separators (LIMS): Used for strongly magnetic minerals such as 
magnetite. 

• High-intensity magnetic separators (HIMS): Used for weakly magnetic minerals such as 
hematite. 

• High-gradient magnetic separators (HGMS): Employ fine wires to generate strong 
localised fields for very weakly magnetic minerals. 

Each type is suited to specific ore types and particle sizes. 

Fill in the blank: High-gradient magnetic separators employ fine ______ to generate strong localised 
fields. 
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Photographs of LIMS, HIMS, and HGMS equipment Plate 3.3: Types of magnetic separators  

 

3.3.3 Principles of electrostatic separation and applications 

Electrostatic separation exploits differences in electrical conductivity between minerals. When 
particles are passed through an electric field, conductive minerals lose their charge quickly and are 
repelled, while non-conductive minerals retain charge and are attracted. This method is 
particularly useful for separating minerals such as rutile, zircon, and cassiterite. Electrostatic 
separation is often applied in dry processing environments. 

Fill in the blank: Electrostatic separation exploits differences in mineral electrical ______. 
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Box 3.3: Applications of electrostatic separation  

 

Pilot questions 3.3 

1. Define magnetic separation and explain its principle. 

2. Name three types of magnetic separators. 

3. Which minerals are commonly separated using low-intensity magnetic separators? 

4. Explain the principle of electrostatic separation. 

5. State one mineral that can be separated using electrostatic methods. 

 

3.4 Flotation Techniques 

3.4.1 Principles of flotation and reagents 

Flotation is a separation technique that exploits differences in surface chemistry between 
minerals. Valuable minerals are made hydrophobic (water-repelling) by reagents, allowing them to 
attach to air bubbles and float, while gangue remains hydrophilic and sinks. Reagents include 
collectors (which modify mineral surfaces), frothers (which stabilize bubbles), and modifiers 
(which control selectivity). 

Fill in the blank: In flotation, valuable minerals attach to ______ bubbles and float. 
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Diagram showing hydrophobic particles attaching to bubbles and floating, while hydrophilic 
particles sink Figure 3.4: Principle of flotation separation  

 

3.4.2 Flotation cells and circuits 

Flotation is carried out in flotation cells, which are tanks where air is introduced to create bubbles. 
Mechanical cells use impellers to disperse air, while column cells rely on natural air dispersion and 
are more efficient for fine particles. Flotation circuits may be simple (single stage) or complex 
(multi-stage cleaning and scavenging). Circuit design depends on ore type and desired product 
quality. 

Fill in the blank: Column flotation cells are especially efficient for separating very ______ particles. 
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Photographs of mechanical flotation cell and column flotation cell Plate 3.4: Types of flotation cells 
used in mineral processing  

 

3.4.3 Industrial applications and challenges 

Flotation is widely applied in the beneficiation of sulphide ores (e.g., copper, lead, zinc) and in the 
recovery of precious metals. It is also used in coal cleaning and phosphate processing. However, 
challenges include reagent costs, environmental concerns, and difficulties in treating very fine or 
complex ores. Engineers must balance efficiency, cost, and sustainability when applying flotation. 

Fill in the blank: Flotation is widely applied in the beneficiation of ______ ores such as copper and 
zinc. 
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Box 3.4: Applications and challenges of flotation  

 

Pilot questions 3.4 

1. Define flotation and explain its principle. 

2. Name three types of flotation reagents and their functions. 

3. Which flotation cell type is more efficient for fine particles? 

4. State one industrial application of flotation. 

5. What is one challenge associated with flotation processes? 

 

3.5 Emerging and Specialised Separation Methods 

3.5.1 Advances in sensor-based sorting 

Sensor-based sorting uses modern technologies such as X-ray transmission (XRT), near-infrared 
(NIR), and optical sensors to detect differences in mineral properties. Particles are scanned as they 
pass through the system, and automated jets or mechanical devices separate valuable minerals 
from waste. This method is efficient, reduces processing costs, and minimises environmental 
impact by rejecting waste early. 

Fill in the blank: Sensor-based sorting uses modern ______ to detect differences in mineral 
properties. 
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Diagram showing ore particles passing through a sensor-based sorter with valuable minerals 
separated from waste Figure 3.5: Principle of sensor-based sorting  

 

3.5.2 Bio-mineral separation approaches 

Bio-mineral separation applies biological agents such as bacteria, fungi, or biomolecules to 
modify mineral surfaces and enhance separation. For example, certain bacteria can selectively 
attach to sulphide minerals, making them more amenable to flotation. This approach is 
environmentally friendly and offers potential for treating complex ores that are difficult to process 
using conventional methods. 

Fill in the blank: Bio-mineral separation uses biological ______ to modify mineral surfaces and 
enhance separation. 
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Photograph of laboratory setup for bio-mineral separation experiments Plate 3.5: Laboratory 
research in bio-mineral separation  

 

3.5.3 Integration of separation methods in modern flowsheets 

Modern mineral processing flowsheets often integrate multiple separation methods to maximise 
recovery and efficiency. For example, gravity separation may be used first to recover coarse dense 
minerals, followed by flotation for fine particles, and sensor-based sorting to remove waste. 
Integration ensures that each method complements the others, resulting in higher product quality 
and reduced costs. 

Fill in the blank: Modern mineral processing flowsheets often integrate multiple ______ methods to 
maximise recovery. 
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Box 3.5: Examples of integrated mineral separation flowsheets  

 

Pilot questions 3.5 

1. Define sensor-based sorting and explain its principle. 

2. Name two types of sensors used in mineral sorting. 

3. What biological agents are used in bio-mineral separation? 

4. State one advantage of bio-mineral separation. 

5. Why is integration of separation methods important in modern flowsheets? 

 

Series Summary 

This Series has examined the major mineral separation techniques used in mineral processing. 
We began with the principles of separation, focusing on the physical and chemical properties that 
influence method selection. We then studied gravity separation methods and their equipment, 
followed by magnetic and electrostatic separation techniques. Next, we explored flotation, which 
is widely applied for fine particles, and finally we looked at emerging and specialised methods such 
as sensor-based sorting and bio-mineral approaches. 

By completing this Series, you should now be able to explain the principles of mineral separation, 
describe and evaluate gravity, magnetic, electrostatic, and flotation methods, and assess the role 
of emerging technologies in modern flowsheets. These skills align directly with the Series Learning 
Outcomes and provide a comprehensive foundation for understanding mineral beneficiation. 
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Glossary of Terms 

• Collector: A flotation reagent that modifies mineral surfaces to make them hydrophobic. 

• Cyclone: A classifier that separates particles using centrifugal force. 

• Electrostatic separation: A technique exploiting differences in electrical conductivity 
between minerals. 

• Flotation: A separation method based on differences in surface chemistry, using air 
bubbles. 

• Frother: A flotation reagent that stabilises bubbles. 

• Gravity separation: A method exploiting differences in mineral density. 

• Jig: Gravity separation equipment using pulsating water currents. 

• Magnetic separation: A method exploiting differences in magnetic susceptibility. 

• Sensor-based sorting: Modern separation using sensors such as XRT or NIR to detect 
mineral properties. 

• Spiral concentrator: Gravity separation equipment using a helical trough. 

Concept Check Questions [Series 3] 

Objective questions 

1. What property is exploited in gravity separation? (Linked to SLO 3.2) 

2. Which flotation reagent stabilises bubbles? (Linked to SLO 3.4) 

3. Sensor-based sorting uses modern ______ to detect mineral properties. (Linked to SLO 3.5) 

Short-answer questions 

4. Explain the difference between magnetic and electrostatic separation. (Linked to SLO 3.3) 

5. State one limitation of gravity separation. (Linked to SLO 3.2) 

6. Give one example of an emerging separation method. (Linked to SLO 3.5) 

Long-answer questions 

7. Analyse how flotation reagents (collectors, frothers, modifiers) contribute to successful 
mineral separation. (Linked to SLO 3.4) 

8. Evaluate the role of integrating multiple separation methods in modern flowsheets. (Linked 
to SLO 3.5) 

Answers to Concept Check Questions [Series 3] 
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Objective questions 

1. Density. 

2. Frother. 

3. Sensors. 

Short-answer questions 

4. Magnetic separation exploits magnetic susceptibility, while electrostatic separation 
exploits electrical conductivity. 

5. Gravity separation is less effective for very fine particles. 

6. Sensor-based sorting or bio-mineral separation. 

Long-answer questions 

7. Basic response: Collectors make minerals hydrophobic, frothers stabilise bubbles, and 
modifiers control selectivity. Value-added response: Outstanding learners may discuss 
how reagent combinations are tailored to ore mineralogy, balancing recovery and 
selectivity, and how reagent costs and environmental impacts influence industrial practice. 

8. Basic response: Integration ensures each method complements the others, improving 
recovery. Value-added response: Outstanding learners may evaluate how flowsheets 
combining gravity, flotation, and sensor-based sorting reduce energy consumption, 
enhance product quality, and support sustainable mineral processing. 

Answers to Pilot Questions [Series 3] 

1. Mineral separation exploits differences in physical or chemical properties. 

2. Density, magnetism, conductivity, surface chemistry. 

3. Surface chemistry. 

4. Ore characteristics, particle size, economic factors. 

5. Mineralogy determines which properties can be exploited. 

6. Gravity separation exploits density differences. 

7. Jigs, shaking tables, spirals. 

8. Jigs. 

9. Gold, tin, iron ores. 

10. Fine particles reduce efficiency. 

11. Magnetic separation exploits magnetic susceptibility. 
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12. LIMS, HIMS, HGMS. 

13. Magnetite. 

14. Electrostatic separation exploits conductivity differences. 

15. Rutile, zircon, cassiterite. 

16. Flotation exploits surface chemistry differences. 

17. Collectors, frothers, modifiers. 

18. Column cells. 

19. Sulphide ores (copper, zinc, lead). 

20. Reagent costs, environmental concerns. 

21. Sensor-based sorting uses sensors to detect mineral properties. 

22. XRT, NIR. 

23. Bacteria, fungi, biomolecules. 

24. Environmentally friendly. 

25. Integration improves recovery and efficiency. 

References and Attributions [Series 3] 

• Figure 3.1: Principles of mineral separation. Suggested AI prompt: “Create a labelled 
diagram showing mineral separation based on density, magnetism, and surface 
chemistry.” Search string: “principles of mineral separation diagram OER.” 

• Table 3.1: Properties influencing mineral separation. Suggested AI prompt: “Create a table 
listing density, magnetism, conductivity, and surface chemistry with their corresponding 
separation techniques.” Search string: “properties influencing mineral separation table 
OER.” 

• Box 3.1: Criteria for selecting mineral separation methods. Suggested AI prompt: “Create a 
table listing ore mineralogy, particle size, cost-effectiveness, and environmental 
sustainability.” Search string: “criteria for selecting mineral separation methods table 
OER.” 

• Figure 3.2: Principle of gravity concentration. Suggested AI prompt: “Create a labelled 
diagram showing dense particles settling faster than lighter particles in water.” Search 
string: “principle of gravity concentration diagram OER.” 

• Plate 3.2: Gravity separation equipment. Suggested AI prompt: “Generate images of jig, 
shaking table, and spiral concentrator.” Search string: “jig shaking table spiral concentrator 
mineral processing OER.” 
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• Box 3.2: Applications and limitations of gravity separation. Suggested AI prompt: “Create a 
table listing applications (gold, tin, iron) and limitations (fine particles, similar densities).” 
Search string: “applications limitations gravity separation table OER.” 

• Figure 3.3: Principle of magnetic separation. Suggested AI prompt: “Create a labelled 
diagram showing magnetic particles attracted to a drum.” Search string: “principle of 
magnetic separation diagram OER.” 

• Plate 3.3: Types of magnetic separators. Suggested AI prompt: “Generate images of LIMS, 
HIMS, and HGMS.” Search string: “types of magnetic separators mineral processing OER.” 

• Box 3.3: Applications of electrostatic separation. Suggested AI prompt: “Create a table 
listing minerals separated by electrostatic methods such as rutile, zircon, cassiterite.” 
Search string: “applications of electrostatic separation mineral processing table OER.” 

• Figure 3.4: Principle of flotation. Suggested AI prompt: “Create a labelled diagram showing 
hydrophobic particles attaching to bubbles.” Search string: “principle of flotation mineral 
processing diagram OER.” 

• Plate 3.4: Types of flotation cells. Suggested AI prompt: “Generate images of mechanical 
and column flotation cells.” Search string: “mechanical flotation cell column flotation cell 
mineral processing OER.” 

• Box 3.4: Applications and challenges of flotation. Suggested AI prompt: “Create a table 
listing applications (sulphide ores, coal, phosphate) and challenges (reagent cost, 
environmental impact).” Search string: “applications challenges flotation mineral 
processing table OER.” 

• Figure 3.5: Principle of sensor-based sorting. Suggested AI prompt: “Create a labelled 
diagram showing ore particles passing through a sensor-based sorter.” Search string: 
“sensor-based sorting mineral processing diagram OER.” 

• Plate 3.5: Laboratory research in bio-mineral separation. Suggested AI prompt: “Generate 
an image of laboratory setup showing bio-mineral separation experiments.” Search string: 
“bio-mineral separation laboratory experiments OER.” 

• Box 3.5: Integrated mineral separation flowsheets. Suggested AI prompt: “Create a table 
showing flowsheets combining gravity, flotation, and sensor-based sorting.” Search string: 
“integrated mineral separation flowsheets examples table OER.” 

 

 

 

Series 4: Hydrometallurgical and Biological Recovery 
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Series outline 

• 4.1 Principles of hydrometallurgy 

o 4.1.1 Fundamentals of aqueous processing 

o 4.1.2 Leaching mechanisms and kinetics 

o 4.1.3 Factors influencing hydrometallurgical recovery 

• 4.2 Leaching techniques 

o 4.2.1 Heap leaching 

o 4.2.2 Tank leaching 

o 4.2.3 In-situ leaching 

• 4.3 Solution purification and metal recovery 

o 4.3.1 Solvent extraction 

o 4.3.2 Ion exchange 

o 4.3.3 Electrowinning and precipitation 

• 4.4 Biological recovery methods 

o 4.4.1 Bioleaching principles 

o 4.4.2 Microorganisms used in bioleaching 

o 4.4.3 Applications and limitations of biological recovery 

• 4.5 Integration and sustainability 

o 4.5.1 Combining hydrometallurgical and biological methods 

o 4.5.2 Environmental considerations and waste management 

o 4.5.3 Future trends in sustainable recovery 

 

Introduction 

Hydrometallurgy is a branch of extractive metallurgy that uses aqueous solutions to recover metals 
from ores, concentrates, and recycled materials. It is widely applied in the production of copper, 
gold, uranium, and other metals. Biological recovery, often referred to as biohydrometallurgy, 
complements hydrometallurgy by using microorganisms to enhance leaching and metal extraction. 
Together, these approaches provide environmentally friendly alternatives to traditional 
pyrometallurgical methods. 
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The aim of this Series is to provide you with a clear understanding of hydrometallurgical and 
biological recovery techniques. You will learn the principles of aqueous processing, leaching 
methods, solution purification, and metal recovery. In addition, you will explore how 
microorganisms contribute to bioleaching, and how these processes can be integrated to achieve 
sustainable mineral recovery. 

We shall begin with the principles of hydrometallurgy, focusing on leaching mechanisms and 
influencing factors. Next, we will study leaching techniques such as heap, tank, and in-situ 
leaching. We will then examine solution purification and metal recovery methods, including solvent 
extraction, ion exchange, and electrowinning. Following this, we will explore biological recovery 
methods, highlighting bioleaching principles and applications. Finally, we will conclude with 
integration and sustainability, considering environmental impacts and future trends in mineral 
recovery. 

 

Series Learning Outcomes 

Upon completing Series 4: Hydrometallurgical and Biological Recovery, you should be able to: 

• SLO 4.1 explain the fundamental principles of hydrometallurgy, including aqueous 
processing, leaching mechanisms, and factors influencing recovery, 

• SLO 4.2 describe and compare leaching techniques such as heap, tank, and in-situ 
leaching, and evaluate their applications, 

• SLO 4.3 analyse solution purification and metal recovery methods, including solvent 
extraction, ion exchange, electrowinning, and precipitation, 

• SLO 4.4 demonstrate understanding of biological recovery methods, including bioleaching 
principles, microorganisms involved, and industrial applications, 

• SLO 4.5 evaluate the integration of hydrometallurgical and biological methods, considering 
environmental sustainability, waste management, and future trends in mineral recovery. 

 

4.1 Principles of Hydrometallurgy 

4.1.1 Fundamentals of aqueous processing 

Hydrometallurgy is the recovery of metals from ores, concentrates, or recycled materials using 
aqueous solutions. The process typically involves three stages: leaching (dissolving the metal into 
solution), solution purification (removing impurities), and metal recovery (precipitating or 
electrowinning the metal). It is widely used for copper, gold, uranium, and zinc. 

Fill in the blank: Hydrometallurgy recovers metals using ______ solutions. 



 

 LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS 

Diagram showing the three stages of hydrometallurgy: leaching, purification, recovery Figure 4.1: 
Fundamental stages of hydrometallurgy  

 

4.1.2 Leaching mechanisms and kinetics 

Leaching is the process of dissolving metals into solution using chemical reagents such as acids, 
bases, or cyanide. The rate of leaching depends on factors such as reagent concentration, 
temperature, particle size, and agitation. Kinetics are often controlled by diffusion through particle 
boundaries or chemical reaction rates. 

Fill in the blank: The rate of leaching depends on reagent concentration, temperature, particle size, 
and ______. 
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Table 4.1: Factors influencing leaching kinetics  

 

4.1.3 Factors influencing hydrometallurgical recovery 

The efficiency of hydrometallurgical recovery depends on ore mineralogy, reagent choice, 
operating conditions, and environmental considerations. For example, sulphide ores may require 
oxidation before leaching, while refractory ores may need pretreatment. Engineers must balance 
recovery rates with cost and sustainability. 

Fill in the blank: The efficiency of hydrometallurgical recovery depends on ore mineralogy, reagent 
choice, operating conditions, and ______ considerations. 
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Box 4.1: Key factors influencing hydrometallurgical recovery  

 

Pilot questions 4.1 

1. Define hydrometallurgy and state its three main stages. 

2. What is leaching in hydrometallurgy? 

3. Name four factors influencing leaching kinetics. 

4. Why might sulphide ores require oxidation before leaching? 

5. State one environmental consideration in hydrometallurgical recovery. 

 

4.2 Leaching Techniques 

4.2.1 Heap leaching 

Heap leaching involves stacking crushed ore on impermeable pads and irrigating it with leaching 
solutions (e.g., cyanide for gold, acid for copper). The solution percolates through the heap, 
dissolving metals, which are then collected at the base. Heap leaching is cost-effective and 
suitable for low-grade ores, though it requires large areas and careful environmental management. 

Fill in the blank: Heap leaching is especially suitable for processing ______-grade ores. 
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Diagram showing ore heaps irrigated with leaching solution and collection at the base Figure 4.2: 
Principle of heap leaching  

 

4.2.2 Tank leaching 

Tank leaching is carried out in large, controlled tanks where finely ground ore is mixed with 
leaching solutions under agitation. This method allows precise control of temperature, reagent 
concentration, and reaction time, leading to higher recovery rates. Tank leaching is commonly used 
for gold and uranium ores. 

Fill in the blank: Tank leaching allows precise control of temperature, reagent concentration, and 
______ time. 
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Photograph of industrial tank leaching setup Plate 4.2: Tank leaching equipment in mineral 
processing  

 

4.2.3 In-situ leaching 

In-situ leaching (also called solution mining) involves injecting leaching solutions directly into ore 
deposits underground. Metals dissolve in place and are pumped to the surface for recovery. This 
method reduces the need for mining and crushing, but requires suitable geology and careful 
monitoring to avoid environmental contamination. It is widely used for uranium and copper 
recovery. 

Fill in the blank: In-situ leaching involves injecting leaching solutions directly into ______ deposits 
underground. 
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Box 4.2: Comparison of leaching techniques  

 

Pilot questions 4.2 

1. Define heap leaching and state one of its applications. 

2. Why is heap leaching suitable for low-grade ores? 

3. What advantage does tank leaching offer compared to heap leaching? 

4. Explain the principle of in-situ leaching. 

5. State one environmental concern associated with in-situ leaching. 

 

4.3 Solution Purification and Metal Recovery 

4.3.1 Solvent extraction 

Solvent extraction (SX) is a technique where metals are selectively transferred from an aqueous 
solution into an organic solvent. The loaded solvent is then stripped to recover the metal in a 
purified form. SX is widely used for copper, uranium, and rare earth elements. It offers high 
selectivity and efficiency but requires careful handling of organic solvents. 

Fill in the blank: In solvent extraction, metals are transferred from aqueous solution into an ______ 
solvent. 
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Diagram showing aqueous solution, organic solvent, and metal transfer between phases Figure 
4.3: Principle of solvent extraction  

 

4.3.2 Ion exchange 

Ion exchange uses resins or membranes to selectively adsorb metal ions from solution and 
release them under controlled conditions. It is particularly useful for recovering metals from dilute 
solutions and for purifying rare elements. Ion exchange resins can be tailored for specific ions, 
making the method versatile. 

Fill in the blank: Ion exchange uses resins to selectively adsorb ______ ions from solution. 
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Photograph of ion exchange columns in operation Plate 4.3: Ion exchange equipment in 
hydrometallurgy  

 

4.3.3 Electrowinning and precipitation 

Electrowinning involves passing an electric current through a solution to deposit pure metal onto 
cathodes. It is commonly used for copper, zinc, and gold. Precipitation involves adding reagents 
to cause metals to form insoluble compounds, which are then filtered and recovered. Both 
methods are final steps in hydrometallurgical recovery, producing market-ready metals. 

Fill in the blank: In electrowinning, pure metal is deposited onto ______ by passing an electric 
current. 
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Box 4.3: Comparison of electrowinning and precipitation  

 

Pilot questions 4.3 

1. Define solvent extraction and state one of its applications. 

2. What material is used in ion exchange to adsorb metal ions? 

3. Which method deposits pure metal onto cathodes using electricity? 

4. State one advantage of ion exchange. 

5. Why is precipitation used in hydrometallurgy? 

 

4.4 Biological Recovery Methods 

4.4.1 Bioleaching principles 

Bioleaching is the process of using microorganisms to facilitate the extraction of metals from ores. 
Certain bacteria and fungi produce acids or oxidising agents that dissolve metals into solution. This 
technique is particularly effective for sulphide ores, where microorganisms oxidise sulphur 
compounds, enhancing leaching efficiency. Bioleaching is considered environmentally friendly 
compared to traditional chemical methods. 

Fill in the blank: Bioleaching uses ______ to facilitate the extraction of metals from ores. 
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Diagram showing bacteria acting on sulphide ore to release metal ions into solution Figure 4.4: 
Principle of bioleaching  

 

4.4.2 Microorganisms used in bioleaching 

Several microorganisms are commonly used in bioleaching: 

• Acidithiobacillus ferrooxidans: Oxidises ferrous iron and sulphur compounds. 

• Leptospirillum ferrooxidans: Specialises in iron oxidation. 

• Fungi and other bacteria: Produce organic acids that dissolve metals. 

These organisms thrive in acidic environments and play a critical role in breaking down mineral 
structures to release valuable metals. 

Fill in the blank: Acidithiobacillus ferrooxidans oxidises ferrous ______ and sulphur compounds. 
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Photographs of microbial cultures used in bioleaching experiments Plate 4.4: Microorganisms used 
in bioleaching  

 

4.4.3 Applications and limitations of biological recovery 

Bioleaching is applied in the recovery of copper, gold, and uranium from low-grade ores. It is cost-
effective, requires less energy, and reduces environmental impact compared to pyrometallurgy. 
However, limitations include slower reaction rates, dependence on suitable environmental 
conditions, and challenges in scaling up for large operations. Engineers often combine bioleaching 
with hydrometallurgical techniques to improve efficiency. 

Fill in the blank: Bioleaching is especially useful for recovering metals from ______-grade ores. 
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Box 4.4: Applications and limitations of bioleaching  

 

Pilot questions 4.4 

1. Define bioleaching and explain its principle. 

2. Name two microorganisms commonly used in bioleaching. 

3. Which microorganism oxidises ferrous iron and sulphur compounds? 

4. State one application of bioleaching. 

5. What is one limitation of bioleaching compared to chemical leaching? 

 

4.5 Integration and Sustainability 

4.5.1 Combining hydrometallurgical and biological methods 

Modern mineral recovery often integrates hydrometallurgical and biological methods to 
maximise efficiency. For example, bioleaching may be used to dissolve metals from low-grade 
ores, followed by solvent extraction or electrowinning to purify and recover the metals. This 
integration allows engineers to exploit the strengths of each method while compensating for their 
limitations. 

Fill in the blank: Modern mineral recovery often integrates hydrometallurgical and ______ methods 
to maximise efficiency. 
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Diagram showing combined bioleaching and solvent extraction/electrowinning flowsheet Figure 
4.5: Integration of biological and hydrometallurgical methods  

 

4.5.2 Environmental considerations and waste management 

Hydrometallurgical and biological recovery methods are generally more environmentally friendly 
than pyrometallurgy, but they still require careful management. Issues include reagent 
consumption, acid drainage, and disposal of tailings. Biological methods reduce chemical use but 
depend on maintaining suitable microbial environments. Sustainable practice involves recycling 
reagents, treating effluents, and minimising ecological disruption. 

Fill in the blank: Sustainable hydrometallurgy involves recycling reagents, treating effluents, and 
minimising ______ disruption. 
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Box 4.5: Environmental considerations in hydrometallurgical and biological recovery  

 

4.5.3 Future trends in sustainable recovery 

Future trends in mineral recovery include the use of advanced sensors, artificial intelligence, and 
biotechnology to improve efficiency and reduce environmental impact. Research is focusing on 
genetically engineered microorganisms for enhanced bioleaching, closed-loop hydrometallurgical 
systems, and integration with renewable energy. These innovations aim to make mineral recovery 
more sustainable and adaptable to complex ore deposits. 

Fill in the blank: Future trends in mineral recovery include genetically engineered ______ for 
enhanced bioleaching. 
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Photograph of laboratory research on bio-mineral recovery and sustainable hydrometallurgy Plate 
4.5: Future trends in sustainable mineral recovery  

 

Pilot questions 4.5 

1. Why is integration of hydrometallurgical and biological methods important? 

2. State one environmental issue associated with hydrometallurgical recovery. 

3. What sustainable practice helps minimise ecological disruption? 

4. Name one future trend in mineral recovery. 

5. How can biotechnology contribute to sustainable mineral recovery? 

 

Series Summary 

This Series explored Hydrometallurgical and Biological Recovery methods, focusing on aqueous 
and microbial processes for extracting metals. We began with the principles of hydrometallurgy, 
covering leaching mechanisms and influencing factors. We then studied leaching techniques such 
as heap, tank, and in-situ leaching. Next, we examined solution purification and metal recovery 
methods, including solvent extraction, ion exchange, electrowinning, and precipitation. Following 
this, we explored biological recovery methods, highlighting bioleaching principles, microorganisms 
involved, and applications. Finally, we discussed integration and sustainability, considering 
environmental impacts and future trends. 
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By completing this Series, you should now be able to explain hydrometallurgical principles, 
describe leaching techniques, analyse purification and recovery methods, demonstrate 
understanding of biological recovery, and evaluate integration for sustainable mineral processing. 

Glossary of Terms 

• Bioleaching: Use of microorganisms to dissolve metals from ores. 

• Electrowinning: Recovery of metals by depositing them onto cathodes using electricity. 

• Heap leaching: Irrigation of crushed ore heaps with leaching solution. 

• Hydrometallurgy: Recovery of metals using aqueous solutions. 

• Ion exchange: Use of resins to selectively adsorb and release metal ions. 

• Leaching: Dissolution of metals into solution using reagents. 

• Solvent extraction (SX): Transfer of metals between aqueous and organic phases. 

• Tank leaching: Controlled leaching in stirred tanks. 

• In-situ leaching: Injection of leaching solutions directly into ore deposits underground. 

• Sustainability: Practices that minimise environmental impact in mineral recovery. 

Concept Check Questions [Series 4] 

Objective questions 

1. Hydrometallurgy recovers metals using ______ solutions. (Linked to SLO 4.1) 

2. Heap leaching is especially suitable for processing ______-grade ores. (Linked to SLO 4.2) 

3. In solvent extraction, metals are transferred into an ______ solvent. (Linked to SLO 4.3) 

Short-answer questions 

4. Explain the principle of tank leaching. (Linked to SLO 4.2) 

5. Name two microorganisms used in bioleaching. (Linked to SLO 4.4) 

6. State one environmental issue associated with hydrometallurgical recovery. (Linked to SLO 
4.5) 

Long-answer questions 

7. Analyse the advantages and limitations of heap, tank, and in-situ leaching. (Linked to SLO 
4.2) 

8. Evaluate how integrating hydrometallurgical and biological methods contributes to 
sustainable mineral recovery. (Linked to SLO 4.5) 

Answers to Concept Check Questions [Series 4] 
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Objective questions 

1. Aqueous. 

2. Low. 

3. Organic. 

Short-answer questions 

4. Tank leaching involves finely ground ore mixed with leaching solution in stirred tanks under 
controlled conditions. 

5. Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans. 

6. Acid drainage or reagent consumption. 

Long-answer questions 

7. Basic response: Heap leaching is cost-effective for low-grade ores but slow; tank leaching 
offers higher recovery but is more expensive; in-situ leaching avoids mining but risks 
contamination. Value-added response: Outstanding learners may compare kinetics, 
environmental impacts, and scalability, highlighting how ore type and grade influence 
method choice. 

8. Basic response: Integration improves efficiency and reduces chemical use. Value-added 
response: Outstanding learners may discuss flowsheets combining bioleaching with 
solvent extraction/electrowinning, emphasising reduced energy consumption, improved 
recovery, and sustainability. 

Answers to Pilot Questions [Series 4] 

1. Hydrometallurgy involves leaching, purification, and recovery. 

2. Leaching dissolves metals into solution using reagents. 

3. Reagent concentration, temperature, particle size, agitation. 

4. Sulphide ores may need oxidation to enhance leaching. 

5. Environmental considerations include effluent treatment. 

6. Heap leaching irrigates crushed ore heaps with solution. 

7. Heap leaching is suitable for low-grade ores. 

8. Tank leaching offers precise control of conditions. 

9. In-situ leaching injects solutions into ore deposits underground. 

10. Risk of groundwater contamination. 
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11. Solvent extraction transfers metals into organic solvent. 

12. Ion exchange uses resins to adsorb metal ions. 

13. Electrowinning deposits metals onto cathodes. 

14. Ion exchange is versatile for dilute solutions. 

15. Precipitation recovers metals as insoluble compounds. 

16. Bioleaching uses microorganisms to dissolve metals. 

17. Acidithiobacillus ferrooxidans, Leptospirillum ferrooxidans. 

18. Acidithiobacillus ferrooxidans oxidises ferrous iron and sulphur. 

19. Copper, gold, uranium recovery. 

20. Slow reaction rates. 

21. Integration combines hydrometallurgical and biological methods. 

22. Acid drainage. 

23. Effluent treatment minimises ecological disruption. 

24. Genetically engineered microorganisms. 

25. Biotechnology enhances bioleaching efficiency. 

References and Attributions [Series 4] 

• Figure 4.1: Stages of hydrometallurgy. Suggested AI prompt: “Create a labelled diagram 
showing leaching, purification, and recovery stages.” Search string: “hydrometallurgy 
stages diagram OER.” 

• Table 4.1: Factors influencing leaching kinetics. Suggested AI prompt: “Create a table 
listing reagent concentration, temperature, particle size, agitation.” Search string: 
“leaching kinetics factors table OER.” 

• Box 4.1: Factors influencing hydrometallurgical recovery. Suggested AI prompt: “Create a 
table listing ore mineralogy, reagent choice, operating conditions, environmental 
considerations.” Search string: “hydrometallurgical recovery factors table OER.” 

• Figure 4.2: Heap leaching principle. Suggested AI prompt: “Create a labelled diagram 
showing heap leaching.” Search string: “heap leaching diagram OER.” 

• Plate 4.2: Tank leaching equipment. Suggested AI prompt: “Generate image of industrial 
tank leaching setup.” Search string: “tank leaching equipment OER.” 
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• Box 4.2: Comparison of leaching techniques. Suggested AI prompt: “Create a table 
comparing heap, tank, in-situ leaching.” Search string: “comparison leaching techniques 
table OER.” 

• Figure 4.3: Solvent extraction principle. Suggested AI prompt: “Create a labelled diagram 
showing aqueous and organic phases.” Search string: “solvent extraction diagram OER.” 

• Plate 4.3: Ion exchange columns. Suggested AI prompt: “Generate image of ion exchange 
columns.” Search string: “ion exchange columns OER.” 

• Box 4.3: Comparison of electrowinning and precipitation. Suggested AI prompt: “Create a 
table comparing electrowinning and precipitation.” Search string: “electrowinning 
precipitation comparison table OER.” 

• Figure 4.4: Bioleaching principle. Suggested AI prompt: “Create a labelled diagram showing 
bacteria acting on sulphide ore.” Search string: “bioleaching principle diagram OER.” 

• Plate 4.4: Microorganisms used in bioleaching. Suggested AI prompt: “Generate images of 
Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans.” Search string: 
“bioleaching microorganisms OER.” 

• Box 4.4: Applications and limitations of bioleaching. Suggested AI prompt: “Create a table 
listing applications and limitations.” Search string: “bioleaching applications limitations 
table OER.” 

• Figure 4.5: Integration flowsheet. Suggested AI prompt: “Create a labelled diagram showing 
bioleaching + solvent extraction/electrowinning.” Search string: “integration bioleaching 
hydrometallurgy flowsheet OER.” 

• Box 4.5: Environmental considerations. Suggested AI prompt: “Create a table listing issues 
and sustainable practices.” Search string: “environmental considerations hydrometallurgy 
bioleaching table OER.” 

• Plate 4.5: Future trends. Suggested AI prompt: “Generate image of laboratory research on 
genetically engineered microorganisms.” Search string: “future trends bioleaching 
hydrometallurgy OER.” 

 

 

 

Series 5: Metallurgical Balances and Laboratory Practice 
Series outline 

• 5.1 Principles of metallurgical balances 
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o 5.1.1 Mass balance fundamentals 

o 5.1.2 Metal accounting and recovery calculations 

o 5.1.3 Importance of balances in plant performance 

• 5.2 Sampling and assay methods 

o 5.2.1 Principles of representative sampling 

o 5.2.2 Assay techniques for mineral content 

o 5.2.3 Errors and bias in sampling and assays 

• 5.3 Laboratory practice in mineral processing 

o 5.3.1 Laboratory equipment and safety protocols 

o 5.3.2 Experimental procedures for separation tests 

o 5.3.3 Data recording and interpretation 

• 5.4 Application of balances in process evaluation 

o 5.4.1 Calculating recovery, grade, and yield 

o 5.4.2 Evaluating circuit efficiency 

o 5.4.3 Case studies in metallurgical accounting 

 

 

 

Introduction 

Metallurgical balances are fundamental tools in mineral processing, providing a quantitative 
framework for tracking material and metal flows through a plant. They ensure accountability, help 
identify inefficiencies, and support decision-making in process optimisation. Laboratory practice 
complements this by generating reliable data through sampling, assays, and controlled 
experiments, which form the basis for accurate balances. 

The aim of this Series is to equip you with the knowledge and skills to perform metallurgical 
balances and conduct laboratory practice effectively. You will learn the principles of mass and 
metal accounting, representative sampling, assay techniques, and laboratory procedures. In 
addition, you will explore how balances are applied to evaluate process performance and 
efficiency. 

We shall begin with the principles of metallurgical balances, focusing on mass balance 
fundamentals and recovery calculations. Next, we will study sampling and assay methods, 
including sources of error and bias. We will then examine laboratory practice in mineral 
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processing, covering equipment, safety, and data interpretation. Finally, we will apply balances in 
process evaluation, calculating recovery, grade, and yield, and analysing circuit efficiency through 
case studies. 

 

Series Learning Outcomes 

Upon completing Series 5: Metallurgical Balances and Laboratory Practice, you should be able 
to: 

• SLO 5.1 explain the principles of metallurgical balances, including mass balance 
fundamentals, metal accounting, and their role in evaluating plant performance, 

• SLO 5.2 describe representative sampling and assay methods, identify sources of error and 
bias, and apply techniques to obtain reliable data, 

• SLO 5.3 demonstrate laboratory practice in mineral processing, including safe use of 
equipment, conducting separation experiments, and interpreting data, 

• SLO 5.4 apply metallurgical balances to process evaluation, calculating recovery, grade, 
and yield, and assessing circuit efficiency through case studies. 

 

5.1 Principles of Metallurgical Balances 

5.1.1 Mass balance fundamentals 

A mass balance is the accounting of material entering and leaving a process. It ensures that the 
total input equals the total output plus any accumulation. In mineral processing, mass balances 
are used to track ore, concentrate, and tailings streams. They provide the foundation for evaluating 
plant performance and efficiency. 

Fill in the blank: A mass balance ensures that total input equals total ______ plus accumulation. 
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Diagram showing input, output, and accumulation in a mass balance system Figure 5.1: Principle 
of mass balance in mineral processing  

 

5.1.2 Metal accounting and recovery calculations 

Metal accounting involves quantifying the amount of valuable metal recovered compared to the 
amount present in the feed. Recovery is calculated as: 

Recovery (%) =
Metal in concentrate

Metal in feed
× 100 

This calculation is essential for determining the efficiency of separation processes and for 
reporting production figures. 

Fill in the blank: Recovery (%) is calculated as metal in concentrate divided by metal in ______, 
multiplied by 100. 
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Table 5.1: Example of recovery calculation for copper ore  

 

5.1.3 Importance of balances in plant performance 

Metallurgical balances are critical for monitoring plant performance, identifying losses, and 
optimising operations. They help engineers detect inefficiencies, such as poor recovery or 
excessive losses to tailings. Accurate balances also ensure accountability in production reporting 
and compliance with industry standards. 

Fill in the blank: Metallurgical balances are critical for monitoring plant performance, identifying 
losses, and optimising ______. 
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Box 5.1: Applications of metallurgical balances in plant performance  

 

Pilot questions 5.1 

1. Define a mass balance in mineral processing. 

2. What does a mass balance ensure about input and output? 

3. Write the formula for recovery (%) in metal accounting. 

4. Why are metallurgical balances important for plant performance? 

5. State one application of metallurgical balances in industry. 

 

5.2 Sampling and Assay Methods 

5.2.1 Principles of representative sampling 

Sampling is the process of collecting a portion of material that accurately reflects the whole. In 
mineral processing, representative sampling is critical because ore deposits are heterogeneous. 
Poor sampling leads to biased results and unreliable metallurgical balances. Techniques such as 
grab sampling, channel sampling, and composite sampling are used to ensure accuracy. 

Fill in the blank: Sampling must be ______ to ensure results accurately reflect the whole material. 
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Diagram showing ore body with representative sampling points Figure 5.2: Principle of 
representative sampling  

 

5.2.2 Assay techniques for mineral content 

Assays determine the concentration of valuable metals in ore, concentrate, or tailings. Common 
techniques include fire assay (for precious metals), atomic absorption spectroscopy (AAS), 
inductively coupled plasma (ICP), and X-ray fluorescence (XRF). Accurate assays are essential for 
calculating grades and recoveries in metallurgical balances. 

Fill in the blank: Fire assay is commonly used to determine the concentration of ______ metals. 
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Photograph of laboratory assay equipment (fire assay furnace, AAS setup) Plate 5.2: Assay 
techniques in mineral processing laboratories  

 

5.2.3 Errors and bias in sampling and assays 

Errors in sampling and assays can arise from poor technique, equipment limitations, or human 
bias. Sampling errors include segregation, size bias, and contamination. Assay errors may result 
from improper calibration or sample preparation. Minimising errors requires strict protocols, 
quality control, and repeated measurements. 

Fill in the blank: Sampling errors may include segregation, size bias, and ______. 
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Box 5.2: Sources of error in sampling and assays  

 

Pilot questions 5.2 

1. Why is representative sampling important in mineral processing? 

2. Name two common assay techniques. 

3. Which assay method is widely used for precious metals? 

4. State one source of sampling error. 

5. How can errors in assays be minimised? 

 

5.3 Laboratory Practice in Mineral Processing 

5.3.1 Laboratory equipment and safety protocols 

Laboratory practice in mineral processing requires the use of specialised equipment such as 
crushers, grinders, flotation cells, magnetic separators, and assay furnaces. Safety protocols are 
essential to protect personnel from chemical, mechanical, and electrical hazards. Standard 
measures include wearing personal protective equipment (PPE), proper ventilation, and adherence 
to handling procedures for reagents and samples. 

Fill in the blank: Laboratory safety protocols require the use of personal ______ equipment (PPE). 
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Photograph of mineral processing laboratory with flotation cells, crushers, and PPE in use Plate 
5.3: Laboratory equipment and safety protocols  

 

5.3.2 Experimental procedures for separation tests 

Laboratory experiments simulate industrial processes on a smaller scale to evaluate ore 
characteristics and separation efficiency. Common procedures include gravity concentration 
tests, magnetic separation trials, and flotation experiments. These tests provide data on recovery, 
grade, and yield, which are essential for designing plant flowsheets. 

Fill in the blank: Laboratory experiments provide data on recovery, grade, and ______. 
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Diagram showing laboratory-scale flotation test procedure Figure 5.3: Laboratory flotation 
experiment setup  

 

5.3.3 Data recording and interpretation 

Accurate data recording is vital in laboratory practice. Results from sampling, assays, and 
separation tests must be documented systematically. Interpretation involves analysing recovery, 
grade, and yield to assess ore behaviour and predict plant performance. Statistical methods are 
often applied to ensure reliability and minimise bias. 

Fill in the blank: Accurate laboratory practice requires systematic data ______ and interpretation. 
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Box 5.3: Best practices in laboratory data recording and interpretation  

 

Pilot questions 5.3 

1. Name two pieces of equipment commonly used in mineral processing laboratories. 

2. Why are safety protocols essential in laboratory practice? 

3. State one type of separation test conducted in laboratories. 

4. What three key parameters are measured in laboratory experiments? 

5. Why is systematic data recording important in laboratory practice? 

 

5.4 Application of Balances in Process Evaluation 

5.4.1 Calculating recovery, grade, and yield 

In mineral processing, recovery measures the proportion of valuable metal recovered from the 
feed, grade indicates the concentration of valuable metal in a product stream, and yield 
represents the mass of product obtained relative to feed. Together, these parameters provide a 
comprehensive picture of process efficiency. 

Fill in the blank: Recovery, grade, and ______ are key parameters in evaluating process 
performance. 
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Table 5.4: Example calculation of recovery, grade, and yield for a flotation circuit  

 

5.4.2 Evaluating circuit efficiency 

Circuit efficiency is assessed by comparing actual recovery and grade against theoretical or 
expected values. Inefficiencies may arise from poor liberation, inadequate reagent use, or 
equipment malfunction. Metallurgical balances help identify where losses occur in the circuit, 
enabling corrective actions such as adjusting grind size or reagent dosage. 

Fill in the blank: Circuit efficiency is assessed by comparing actual recovery and grade against 
______ values. 
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Diagram showing flowsheet with recovery points and efficiency evaluation Figure 5.4: Evaluating 
circuit efficiency using metallurgical balances  

 

5.4.3 Case studies in metallurgical accounting 

Case studies illustrate how metallurgical balances are applied in real-world operations. For 
example, a copper concentrator may use balances to track recovery across grinding, flotation, and 
dewatering stages. By analysing discrepancies between expected and actual recoveries, engineers 
can identify bottlenecks and improve plant performance. 

Fill in the blank: Case studies in metallurgical accounting help identify ______ and improve plant 
performance. 



 

 LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS 

Box 5.4: Example case study – Copper concentrator recovery analysis  

 

Pilot questions 5.4 

1. Define recovery, grade, and yield in mineral processing. 

2. Why are these parameters important for process evaluation? 

3. How is circuit efficiency assessed? 

4. State one cause of inefficiency in a mineral processing circuit. 

5. What is the purpose of case studies in metallurgical accounting? 

 

Series Summary 

This Series focused on Metallurgical Balances and Laboratory Practice, which are essential for 
ensuring accuracy and efficiency in mineral processing. We began with the principles of 
metallurgical balances, covering mass balance fundamentals, metal accounting, and recovery 
calculations. Next, we explored sampling and assay methods, highlighting representative 
sampling, assay techniques, and sources of error. We then examined laboratory practice, including 
equipment, safety protocols, experimental procedures, and data interpretation. Finally, we applied 
balances in process evaluation, calculating recovery, grade, and yield, assessing circuit efficiency, 
and reviewing case studies. 
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By completing this Series, you should now be able to explain metallurgical balances, apply 
sampling and assay methods, demonstrate laboratory practice, and evaluate process performance 
using balances. 

Glossary of Terms 

• Assay: Analytical technique used to determine the concentration of metals in a sample. 

• Grade: The concentration of valuable metal in a product stream. 

• Laboratory practice: Controlled experiments and procedures conducted to simulate 
industrial mineral processing. 

• Mass balance: Accounting of material entering and leaving a process. 

• Metal accounting: Quantification of valuable metal recovered compared to feed. 

• Recovery: Percentage of valuable metal recovered from feed. 

• Representative sampling: Collecting samples that accurately reflect the whole material. 

• Yield: Mass of product obtained relative to feed. 

Concept Check Questions [Series 5] 

Objective questions 

1. A mass balance ensures that total input equals total ______ plus accumulation. (Linked to 
SLO 5.1) 

2. Fire assay is commonly used to determine the concentration of ______ metals. (Linked to 
SLO 5.2) 

3. Laboratory safety protocols require the use of personal ______ equipment (PPE). (Linked to 
SLO 5.3) 

Short-answer questions 

4. Define recovery in mineral processing. (Linked to SLO 5.1) 

5. State one source of sampling error. (Linked to SLO 5.2) 

6. Why is systematic data recording important in laboratory practice? (Linked to SLO 5.3) 

Long-answer questions 

7. Explain the importance of metallurgical balances in plant performance. (Linked to SLO 5.1) 

8. Evaluate how recovery, grade, and yield are used to assess circuit efficiency. (Linked to SLO 
5.4) 

Answers to Concept Check Questions [Series 5] 
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Objective questions 

1. Output. 

2. Precious. 

3. Protective. 

Short-answer questions 

4. Recovery is the percentage of valuable metal recovered from feed into concentrate. 

5. Segregation, size bias, or contamination. 

6. It ensures reliability, minimises bias, and supports accurate interpretation of results. 

Long-answer questions 

7. Metallurgical balances are important because they monitor plant performance, identify 
losses, optimise operations, and ensure accountability in production reporting. 

8. Recovery, grade, and yield together provide a comprehensive measure of circuit efficiency. 
Recovery shows how much metal is captured, grade indicates product quality, and yield 
reflects production volume. Comparing these values against expected results helps 
identify inefficiencies and guide improvements. 

Answers to Pilot Questions [Series 5] 

1. A mass balance accounts for material entering and leaving a process. 

2. It ensures input equals output plus accumulation. 

3. Recovery (%) = (Metal in concentrate ÷ Metal in feed) × 100. 

4. They monitor performance and identify inefficiencies. 

5. Applications include accountability and optimisation. 

6. Representative sampling ensures accuracy. 

7. Fire assay and AAS are common techniques. 

8. Fire assay is used for precious metals. 

9. Segregation is a source of sampling error. 

10. Errors are minimised with strict protocols and quality control. 

11. Crushers and flotation cells are common equipment. 

12. Safety protocols protect personnel from hazards. 

13. Flotation tests are common separation experiments. 
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14. Recovery, grade, and yield are measured. 

15. Systematic recording ensures reliability. 

16. Recovery, grade, and yield are key parameters. 

17. Circuit efficiency is compared against theoretical values. 

18. Inefficiencies may arise from poor liberation or reagent use. 

19. Case studies identify bottlenecks. 

20. They improve plant performance. 

References and Attributions [Series 5] 

• Figure 5.1: Mass balance principle. Suggested AI prompt: “Create a labelled diagram 
showing mass balance with input, output, and accumulation streams.” Search string: 
“mass balance mineral processing diagram OER.” 

• Table 5.1: Recovery calculation example. Suggested AI prompt: “Create a table showing 
feed grade, concentrate grade, and recovery calculation.” Search string: “metal recovery 
calculation example table OER.” 

• Box 5.1: Applications of metallurgical balances. Suggested AI prompt: “Create a table 
listing applications of metallurgical balances.” Search string: “applications metallurgical 
balances mineral processing table OER.” 

• Figure 5.2: Representative sampling principle. Suggested AI prompt: “Create a labelled 
diagram showing representative sampling points.” Search string: “representative sampling 
mineral processing diagram OER.” 

• Plate 5.2: Assay techniques. Suggested AI prompt: “Generate image of laboratory assay 
equipment.” Search string: “assay techniques mineral processing laboratory equipment 
OER.” 

• Box 5.2: Sources of error. Suggested AI prompt: “Create a table listing sampling and assay 
errors.” Search string: “errors in sampling and assays mineral processing table OER.” 

• Plate 5.3: Laboratory equipment and safety. Suggested AI prompt: “Generate image of 
mineral processing laboratory with flotation cells and PPE.” Search string: “mineral 
processing laboratory equipment safety OER.” 

• Figure 5.3: Laboratory flotation experiment. Suggested AI prompt: “Create a labelled 
diagram showing flotation test procedure.” Search string: “laboratory flotation experiment 
diagram OER.” 
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• Box 5.3: Best practices in data recording. Suggested AI prompt: “Create a table listing best 
practices in laboratory data recording.” Search string: “laboratory data recording 
interpretation best practices table OER.” 

• Table 5.4: Recovery, grade, yield calculation. Suggested AI prompt: “Create a table showing 
feed, concentrate, tailings data with recovery, grade, yield.” Search string: “recovery grade 
yield calculation mineral processing table OER.” 

• Figure 5.4: Circuit efficiency evaluation. Suggested AI prompt: “Create a labelled diagram 
showing mineral processing circuit efficiency evaluation.” Search string: “circuit efficiency 
metallurgical balances diagram OER.” 

• Box 5.4: Case study example. Suggested AI prompt: “Create a table summarising copper 
concentrator case study.” Search string: “copper concentrator metallurgical accounting 
case study table OER.” 

 

 



  Recovery (%) =   Metal in concentrate  Metal in feed × 100

