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1. Definition of metallurgical terms

Define ores and minerals

Ores and minerals are both naturally occurring substances found in the
Earth's crust, but they have some key differences:

Minerals:

Definition: Minerals are naturally occurring inorganic substances with
a definite chemical composition and an ordered atomic structure. They
are the building blocks of rocks.
Characteristics:
They have a specific chemical formula (e.g., quartz is Si02).
They have a crystalline structure.
They can be identified by their physical properties like hardness,
color, streak, and cleavage.5

Examples: Quartz, feldspar, mica, calcite, etc.
Ores:

Definition: Ores are minerals or combinations of minerals from which
metals can be extracted economically. They are essentially rocks that
contain valuable minerals.8
Characteristics:
They contain one or more valuable minerals, usually metals.
The valuable mineral is present in a sufficient concentration to
make extraction economically viable.
Not all minerals are ores. Only those minerals from which metals
can be profitably extracted are called ores.

Examples: Bauxite (ore of aluminum), hematite (ore of iron),
chalcopyrite (ore of copper), etc.13

Key Differences:

All ores are minerals, but not all minerals are ores.
Ores are specifically those minerals from which metals can be extracted
profitably.15

Minerals have a definite chemical composition and crystal structure,
while ores are a mixture of minerals and other substances.



Define gangue, flux and slag

These terms are all related to the process of extracting metals from their
ores, which is called metallurgy. Here's a breakdown of each:

Gangue:

Definition: Gangue refers to the unwanted impurities present in an ore.
It's the rocky or earthy material that accompanies the valuable
minerals in the ore.

Examples: Sand, clay, rock fragments, and other unwanted minerals.

Flux:

Definition: A flux is a substance added to the ore during the
extraction process to remove the gangue. It reacts with the gangue to
form a slag.

Purpose: Fluxes are chosen based on their ability to react with the
specific gangue present in the ore. For example, calcium carbonate
(CaC03) is used as a flux to remove silica (Si02) gangue.

Slag:

Definition: Slag is the waste material formed when the flux reacts with
the gangue. It's a fusible compound that can be easily separated from
the molten metal.

Formation: Slag is essentially a byproduct of the smelting process.
It's often composed of metal silicates, aluminates, or other compounds.

Define matte and speiss

Both matte and speiss are intermediate products formed during the smelting
of certain metal ores, particularly those containing sulfides and
arsenides. Here's a breakdown of each:

Matte:

Definition: Matte is a molten mixture of metal sulfides that is
produced during the smelting of sulfide ores. It's an intermediate
product in the extraction of metals like copper, nickel, and lead.
Composition: Primarily consists of metal sulfides, such as copper
sulfide (Cu2S), iron sulfide (FeS), and nickel sulfide (NiS), along
with some impurities.

Formation: Formed when sulfide ores are smelted, where the valuable
metal sulfides melt and separate from the gangue (impurities).



Further Processing: Matte is not the final product. It undergoes
further processing, like roasting and converting, to remove sulfur and
other impurities, ultimately yielding the pure metal.

Speiss:

Definition: Speiss is a similar intermediate product formed during
smelting, but it's richer in arsenides and antimonides. It often forms
alongside matte.

Composition: Primarily consists of arsenides and antimonides of metals
like iron, cobalt, nickel, and copper. It may also contain some sulfur
and other impurities.

Formation: Forms when ores containing arsenic and antimony are smelted.
These elements combine with the metals present to form speiss.

Further Processing: Speiss can be further processed to recover valuable
metals and byproducts.

Key Differences:

Matte is primarily composed of metal sulfides, while speiss is mainly
composed of metal arsenides and antimonides.

Speiss often forms in ores containing arsenic and antimony, while matte
is more common in sulfide ores.

Define metals and alloys
Metals

Definition: Metals are a category of chemical elements distinguished by a
unique set of physical and chemical properties. At the atomic level,
metals are characterized by their tendency to lose electrons to form
positive ions (cations) and are held together by metallic bonds.

Key Characteristics of Metals:

These properties arise from the unique metallic bonding, where valence
electrons are delocalized and form a "sea of electrons" that are free to
move throughout the metallic structure. This electron mobility is
responsible for many of their characteristic properties:

Physical Properties:

Metallic Luster (Shininess): Metals are typically shiny and reflective
when polished. This is due to their ability to reflect light across a
wide range of wavelengths because of the free electrons that can
readily absorb and re-emit photons.



Good Conductors of Heat and Electricity: The "sea of electrons" is
highly mobile and can easily carry thermal energy and electrical
charge. This makes metals excellent conductors of both heat and
electricity.

Malleability: Metals can be hammered or pressed into different shapes
without breaking. This is because the metallic bonds are non-

directional, allowing atoms to slide past each other without disrupting

the bonding structure.

Ductility: Metals can be drawn into wires. Similar to malleability, the

non-directional nature of metallic bonds allows for stretching and
drawing without fracturing.

Strength and Hardness (Generally): Most metals are strong and hard,
meaning they can withstand significant forces and resist scratching or
indentation. However, there is a wide range in strength and hardness
(e.g., sodium is soft, while iron is hard).

High Density (Generally): Metals are typically dense compared to non-
metals and metalloids. This is due to the close packing of atoms in
their metallic structures and the relatively high atomic mass of many
metallic elements.

High Melting and Boiling Points (Generally): Metallic bonds, while
individually weaker than covalent or ionic bonds, are numerous
throughout the metallic structure. This collectively strong bonding
generally results in high melting and boiling points. However, there
are exceptions (e.g., Mercury is liquid at room temperature).

Solid at Room Temperature (Except Mercury): Most metals are solid at
standard temperature and pressure. Mercury is the only metal that is
liquid at room temperature.

Sonorous: Metals often produce a ringing sound when struck. This 1is
related to their elastic properties and the ability to vibrate.

Chemical Properties:

Tendency to Lose Electrons (Electropositive): Metals readily lose

valence electrons to form positive ions (cations). This is why they are

often described as electropositive.

Form Basic Oxides: Metals react with oxygen to form metal oxides, which

are typically basic (react with acids to form salts and water).
React with Acids: Many metals react with acids to produce hydrogen gas
and a metal salt.

Form Alloys: Metals readily combine with other metals (and sometimes
non-metals) to form alloys.

Examples of Metals:



Common examples include iron (Fe), copper (Cu), aluminum (Al), gold (Au),
silver (Ag), tin (Sn), lead (Pb), zinc (Zn), sodium (Na), potassium (K),
calcium (Ca), and many more. The vast majority of elements on the periodic
table are metals.

Alloys

Definition: An alloy is a metallic substance composed of two or more
elements, at least one of which must be a metal. Alloys are typically
created by melting and mixing the constituent elements together, followed
by solidification. The resulting material has properties that are often
different from, and often superior to, the properties of the pure metals
they are made from.

Key Characteristics of Alloys:

Alloys are engineered to modify or enhance specific properties of the base
metals. The properties of an alloy depend on:

Composition: The types and proportions of elements present in the
alloy.

Microstructure: How the different elements are arranged at a
microscopic level (e.g., solid solution, intermetallic compound,
mixture of phases).

Processing Methods: How the alloy was manufactured and treated (e.g.,
heat treatments, cold working).

Why are Alloys Created?

Alloys are created to achieve specific desired properties that pure metals
may lack. Common reasons include:

Increased Strength and Hardness: Often, alloys are stronger and harder
than pure metals. For example, steel (an alloy of iron and carbon) is
much stronger than pure iron.

Improved Corrosion Resistance: Adding certain elements can make metals
more resistant to rust and corrosion. Stainless steel (containing
chromium and nickel) is a prime example.

Modified Melting Point: Alloys can have lower or higher melting points
than their constituent metals, which is useful for various applications
(e.g., solder has a lower melting point for easy joining).

Enhanced Workability: Some alloys are easier to cast, machine, or form
into desired shapes than pure metals.

Tailored Electrical or Magnetic Properties: By alloying, we can adjust
electrical conductivity, magnetic permeability, and other



electromagnetic properties for specific electronic or magnetic
applications.

Improved Appearance: Alloys can be designed for specific colors or
finishes.

Types of Alloys (Based on Structure):

Substitutional Alloys: Some atoms of the original metal are replaced by
atoms of another element of similar size and chemical properties.
Example: Brass (Copper and Zinc).

Interstitial Alloys: Atoms of a smaller element fit into the spaces
(interstices) between the atoms of the base metal. Example: Steel (Iron
and Carbon, where carbon atoms fit in the iron lattice).

Intermetallic Compounds: Form when elements combine in specific
stoichiometric ratios and form a new crystal structure with different
properties than the constituent metals. They are often harder and more
brittle. Example: NiAl (Nickel Aluminide).

Mixtures of Phases (Multiphase Alloys): Some alloys are not single
phases but are mixtures of different solid phases, each with its own
composition and properties. Example: Many types of steel are mixtures
of ferrite and cementite phases.

Examples of Alloys:

Steel: (Iron + Carbon, often with other elements like chromium, nickel,
manganese) - Varied types for strength, hardness, corrosion resistance.
Brass: (Copper + Zinc) - Malleable, corrosion-resistant, used for
decorative items, musical instruments.

Bronze: (Copper + Tin) - Harder than brass, corrosion-resistant, used
for statues, bearings, bells.

Stainless Steel: (Iron + Chromium + Nickel + Carbon) - Excellent
corrosion resistance, used in cutlery, surgical instruments,
architecture.

Solder: (Tin + Lead, or Tin + Silver for lead-free) - Low melting
point, used to join metals in electronics.

Pewter: (Tin + Copper + Antimony + Lead (sometimes)) - Malleable,
decorative items.

Gold Alloys: (Gold + Copper, Silver, etc.) - Pure gold is too soft,
alloys are used for jewelry (e.g., 14k, 18k gold).



Aluminum Alloys: (Aluminum + Copper, Magnesium, Silicon, etc.) -
Lightweight, strong, corrosion-resistant, used in aerospace,
automotive.



2. Principle of pre-treatment of ores for
metal extractions

Drying

It usually means the removal of physically bound water or moisture from
concentrate, ore, flux, or other solid materials.

Water has a high heat of vaporization and drying is a expensive
operation.

In drying process moist material can be used directly in roasters or
smelting furnaces.

Drying is commonly done in a drying furnace or kiln where the wet
material is brought into contact with hot gas or air.

Agglomeration processes

The phenomenon of converting fines to lumps is called agglomeration. Here
the fines ores are converted into coarse lumps. It renders them for proper
roasting, smelting and other such processes during extraction of metals.

Why agglomeration is required?

Agglomeration, the process of clumping together small particles into
larger ones, is essential in various industries for several reasons.
Here's a breakdown of its importance:

Improved Material Handling:

Enhanced Flowability: Fine powders can be difficult to handle, causing
issues like bridging and clogging in processing equipment.
Agglomeration creates larger, more uniform particles that flow more
easily.

Reduced Dusting: Fine powders generate dust, posing health hazards and
creating environmental concerns. Agglomeration significantly reduces
dust, improving workplace safety and reducing material loss.

Easier Transportation and Storage: Larger agglomerates are easier to
transport and store than fine powders, reducing handling losses and
improving efficiency.

Enhanced Product Properties:



Controlled Solubility: In industries like pharmaceuticals and food
processing, agglomeration can control the rate at which substances
dissolve.

Improved Product Uniformity: Agglomeration can create products with
consistent particle size and density, ensuring uniform quality.
Increased Density: Agglomeration can increase the bulk density of
materials, which is beneficial in applications where space is limited.

Process Optimization:

Increased Process Efficiency: Agglomeration can improve the efficiency
of various industrial processes, such as filtration, drying, and
chemical reactions.

Waste Reduction: Agglomeration can convert fine waste materials into
usable products, reducing waste and promoting sustainability.

Improved processing of ores and minerals: Agglomeration techniques like
pelletizing and sintering, are used in mining to make the processing of
fine ore particles more efficient.

The basics techniques of agglomeration are:

Sintering
Palletizing
Briquetting
Nodulizing

Vacuum extrusion

Sintering

Sintering is a thermal process used primarily in powder metallurgy and
ceramics to transform a compacted powder into a solid, coherent mass. The
underlying principle is based on reducing the overall free energy of the
system by bonding particles together without completely melting them.
Here’s a breakdown of the sintering principle:

Particle Bonding through Diffusion:

When a powder compact is heated to a temperature below its melting
point, atoms on the surface of the particles become mobile. This
mobility allows atoms to diffuse across the contact points (or “necks”)
between particles, leading to bonding.

Neck Formation and Growth:

Initially, small necks form at the contact points between adjacent



particles. As the temperature increases, these necks grow due to
continued atomic diffusion, which reduces the system’s surface energy.
Densification:

As necks grow and merge, the material becomes denser. The process
minimizes the overall surface area (and therefore the surface energy)
of the particles, driving the densification of the compact.

Grain Growth:

At advanced stages of sintering, the bonded particles may coalesce
further, leading to grain growth. While some grain growth is beneficial
for improving mechanical properties, excessive grain growth can lead to
a reduction in strength.

Driving Force:

The main driving force for sintering is the reduction of free energy
associated with the high surface area of small particles. Sintering
essentially minimizes this energy by forming bonds and reducing the
total surface area.

Enhanced Mechanical Properties:

The sintered product exhibits improved mechanical properties and
uniform microstructure, which are essential for applications in
manufacturing durable metal parts and ceramics.

Stages of Sintering
Initial Stage - Neck Formation

When the compacted powder is heated, atoms start diffusing across the
contact points (necks) between particles.

The small necks form at particle contact areas, reducing surface
energy.

A small amount of densification occurs.

Intermediate Stage - Pore Shrinkage

The necks between particles continue to grow, and material starts
redistributing.

Pores become interconnected, but their size decreases as atoms continue
to diffuse.

The structure gains strength, and overall densification increases
significantly.

Final Stage - Grain Growth & Full Densification

Pores either shrink further or become trapped within grains.

Grains coalesce and grow, leading to increased density.



If temperature is too high, excessive grain growth can reduce strength.

Pelletizing

Pelletizing is a process in which fine powdery materials (such as iron

ore, biomass, or chemicals) are agglomerated into small, uniform,

spherical or cylindrical-shaped pellets. This process improves material

handling, transportation, and performance in further processing like

sintering or direct use in furnaces.

Step 1: Raw Material Preparation

The primary materials used for pelletizing are fine powders, such as
iron ore fines, coal dust, or biomass.

Additional binders (e.g., bentonite, lime, starch) and water are often
added to improve the bonding between particles.

The mixture is homogenized to ensure even distribution of moisture and
binders.

Step 2: Formation of Green Pellets

The prepared mixture is fed into a pelletizer, which can be:
Disc Pelletizer (Pan Granulator): A rotating inclined disc where
fine particles roll and grow into pellets.
Drum Pelletizer (Rotary Drum): A rotating cylindrical drum that
facilitates pellet formation through tumbling motion.
Extrusion or Pellet Press: Used for producing cylindrical pellets,
common in biomass and feed industries.

Step 3: Drying & Pre-Heating

The newly formed green pellets contain moisture and are fragile.
They are dried in an oven or drying chamber to remove excess moisture

and strengthen their structure.

Pre-heating at a controlled temperature ensures the binder sets
properly before final treatment.

Step 4: Induration (Hardening)

For metal ore pellets, especially in iron ore processing, the pellets
are subjected to high-temperature induration (1,200-1,350°C) in a
sintering furnace or grate-kiln system.

This step hardens the pellets by bonding particles together, increasing
their strength for further use.



Step 5: Cooling and Screening

The hardened pellets are cooled gradually to prevent cracking.
They are then screened to remove undersized or oversized pellets.

Acceptable pellets are stored or transported for further processing.

Briquetting

The simplest and earliest process for agglomerating fine grained raw
material is briquetting.

Fined grained ores are pressed into briquettes with the addition of some
water or another binder under high mechanical pressure.

These briquettes may undergo direct further treatment or thermal
processing before their use.

Briquetting is the method used to convert loose biomass into high density
solid blocks.

Key Principles of Briquetting

Briquetting is a process that compresses loose materials into denser,
uniformly shaped blocks, or briquettes. This process is crucial for
managing waste, creating efficient fuel sources, and improving material
handling. Here are the key principles involved:

Material Properties:

Particle Size and Distribution:
The size and distribution of particles in the raw material
significantly impact briquette density and strength.

Optimal particle size allows for effective compaction and binding.
Moisture Content:
Moisture content plays a critical role in the binding process.
Too much or too little moisture can hinder briquette formation.
Optimal moisture content varies depending on the material.
Binding Properties:
Some materials, like lignin in biomass, have natural binding
properties.

Other materials may require the addition of binders to ensure
briquette integrity.

Compression and Pressure:

Pressure Application:



Applying sufficient pressure is essential for compacting the
material and achieving desired density.
The required pressure varies depending on the material and desired
briquette characteristics.

Compression Methods:
Various compression methods are used, including hydraulic presses,

screw presses, and roller presses.

Each method has its advantages and disadvantages in terms of
pressure application and production rate.

Temperature:

Heat Application:
In some cases, heat is applied to soften binding agents or enhance
material plasticity.
This is particularly important for materials with lignin content.
Friction Heat:

The compression process itself generates heat due to friction,
which can contribute to the binding process.

Binding Mechanisms:

Natural Binding:
Some materials have inherent binding properties, such as lignin in
biomass, which softens and binds under heat and pressure.

Binder Addition:
Binders, such as starch, clay, or other additives, are used to
enhance binding strength.
The type and amount of binder used depend on the material and
desired briquette properties.

Briquette Characteristics:

Density:
Briquette density is a crucial factor that affects its combustion
properties and handling characteristics.

Shape and Size:
Briquette shape and size are determined by the die or mold used in
the briquetting machine.
Uniform shape and size are essential for efficient handling and

storage.

Durability:



Briquettes must be durable enough to withstand handling, storage,
and transportation without breaking.

Nodulizing

Nodulising is a process of size enlargement by fusion in which strongest
nodules or small rounded lumps are formed.

Iron ore fines+ Tar+ Rotary kiln furnace=Nodules

In nodulising ore concentrate along with tar pass through a fired rotary
kiln, the material begins to soften at high temperature and the rotation
of the materialcauses the sticky material to roll into lumps.

The temperature inside the kiln is just sufficient to soften the ore but
not enough

to fuse the ore.

It is process like sintering as it does not need a binder agent.
Briquetting is mainly used for the recycling of iron waste in steel plant.



3. General methods of Extraction

Metals are extracted from their ore via three different routes namely,
pyrometallurgy, electrometallurgy and hydrometallurgy.

In extraction process specific amount of energy is required to reduce or
release a metal ion present in compound into elemental form.

Pyrometallurgical processes

Pyrometallurgy deals with the methods of extraction of metals from their
ores and their refining and is based on physical and chemical changes
occurring at high temperatures.

A high temperature process is advantageous because:

A high temperature process is often cheaper and more versatile than
other method.

At high temperature the reaction rate is accelerated and production
increased

A high temperature process use inexpensive agents or raw material.
The reaction rate doubles in each 102C rise of temperature which
requires small activation energy. It helps in fast reaction.

A high temperature process has the ability to treat large tonnage of
ore in a compact space.

There are 4 steps that are included in pyrometallurgical treatment

Calcinations
Roasting
Smelting

Refining

Calcinations

Calcination involves heating a solid material to a high temperature,
but below its melting point, to drive off volatile substances or to
induce a phase transition.

It's typically carried out in the absence of, or with a limited supply
of, air.

Key Purposes



Ore Processing:
Calcination is frequently used to decompose carbonate ores, such as
limestone (calcium carbonate), into metal oxides. For example:

CaCO03; (limestone) - Ca0O (lime) + CO, (carbon dioxide)
It's also used to remove water of hydration from hydrated minerals,
like bauxite.
Removal of Volatile Impurities:
The process helps to eliminate moisture, carbon dioxide, and other
volatile impurities from ores.
Preparation for Further Processing:

Calcination often serves as a preparatory step for subsequent
metallurgical processes, such as reduction.

Roasting

In metallurgy, roasting is a process of heating a sulfide ore to a high
temperature in the presence of air. This process transforms the sulfide
ore into an oxide, which is typically easier to process for metal
extraction.

Definition:
Roasting is a pyrometallurgical process involving heating sulfide
ores in the presence of excess air to produce oxides

Purpose:
To convert sulfide ores into oxides.

To remove volatile impurities, such as sulfur, arsenic, and
antimony.

Key Characteristics:

It involves a gas-solid reaction at elevated temperatures.
It requires the presence of excess air or oxygen.

It's primarily used for sulfide ores.

Different Roasting Methods:

There are various types of roasting, each tailored to specific ores and
desired outcomes:

Oxidizing Roasting:
Essentially, oxidizing roasting involves heating sulfide ores in
the presence of an abundant supply of air or oxygen. This causes



the sulfides to react with the oxygen, transforming them into metal
oxides.

A key byproduct of this process is sulfur dioxide (S0,), a gas that
requires careful handling due to its environmental impact.
Example: 2ZnS + 30, - 2Zn0O + 2SO,
Volatilizing Roasting:
This method aims to remove volatile impurities as oxides.
Precise control of the oxygen content and temperature within the

roasting furnace is crucial. Too much oxygen might lead to the
formation of non-volatile oxides, defeating the purpose.

Examples: removal of arsenic (As,03) or sulfur oxides.
Chloridizing Roasting:
Chloridizing roasting involves heating ores or concentrates in the

presence of a chlorinating agent, such as chlorine gas, sodium
chloride (common salt), or calcium chloride.

The goal is to transform metal oxides or sulfides into metal
chlorides, which are often more volatile or soluble, facilitating
subsequent extraction.

It's used for metals like uranium, titanium, and rare earth
elements.

Sulfating Roasting:
This method oxidizes sulfide ores to sulfates, which are then
leached for further processing.

Magnetic Roasting:
Magnetic roasting involves heating iron ores in a controlled
reducing atmosphere.
This process transforms weakly magnetic iron minerals, such as
hematite (Fe.03;), into strongly magnetic magnetite (Fe304).
This transformation significantly improves the efficiency of
magnetic separation, a crucial step in iron ore processing.

Precise temperature control is crucial to ensure optimal conversion
without causing unwanted side reactions.

Ellingham diagram
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It is a free energy data that graphically plot AG® vs T for compound
(oxide).

The slope of the curve is the entropy and the intercept represents the
enthalpy.

Gibbs’s Free Energy is the most important thermodynamic notion to
understand. Gibbs Free Energy determines whether a process will occur
spontaneously or not in thermodynamics. The letter AG. If the value of AG
is negative, the reaction will happen on its own. To arrive at AG, we’ll
look at two equations.

AG = AH - TAS



The change in enthalpy is denoted by AH. An endothermic reaction will be
represented by a positive value, while a negative value will represent an
exothermic reaction. As a result, when the reaction is exothermic, AG is
negative. Entropy, or the unpredictability of molecules, is denoted by the
letter AS. When the state of the matter changes, this changes
dramatically. Another equation that connects Gibbs Free Energy and the
equilibrium constant is

AG° = RT1lnKeq

The equilibrium constant is Keq. The active mass of products is divided by
the active mass of reactants to arrive at this figure. The universal gas
component is R. The equilibrium value must now be kept positive to get a
negative value of AG (which is desirable).

Ellingham Diagram represents the following important characteristics:

AG is plotted in relation to temperature in this graph. The entropy is
represented by the slope of the curve, whereas the enthalpy is
represented by the intercept.

As you may be aware, the AH (enthalpy) is unaffected by temperature.
The temperature has no effect on AS, which is the entropy. However,
there is a stipulation that no phase shift should occur.

The temperature will be plotted on the Y-axis, while the AG will be
plotted on the X-axis.

Metals with curves near the bottom of the diagram are less common than
metals found higher up.

The reaction of metal with air can be added up as follows:
M(s) + 02(g) - MO(s)

When it comes to reducing metal oxides, the AH is usually always negative
(exothermic). AS is also negative because we are going from a gaseous to a
solid state in the reaction (as seen above). As a result, as the
temperature rises, the value of TAS rises as well, and the reaction slope
rises.

Observations from the Ellingham Diagram

The slope is positive for the majority of metal oxide production. It is
possible to explain it as follows. The creation of metal oxides
consumes oxygen gas, resulting in a decrease in unpredictability. As a
result, AS becomes negative, and the term TAS in the straight-line
equation becomes positive.



Carbon monoxide formation is shown by a straight line with a negative
slope. In this scenario, AS is positive because the consumption of one
mole of oxygen gas results in two moles of CO gas. It implies that CO
becomes more stable at higher temperatures.

As the temperature rises, the AG value for the creation of metal oxide
becomes less negative until it reaches zero at a certain point. Below
this temperature, AG is negative and the oxide is stable; above this
temperature, AG is positive and the oxide is unstable. This overall
pattern shows that as temperatures rise, metal oxides become less
stable and decompose more easily.

Some metal oxides, such as MgO and HgO, have a sharp change in slope at
a specific temperature. This is because of a phase shift (melting or
evaporation).

Imp link You must see this

Predominance area diagram

A predominance area diagram (PAD) is a graph that shows the conditions
under which different phases of a system can coexist in equilibrium. It's
a tool used to analyze complex systems, such as those involved in
metallurgy and corrosion.
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Gibbs phase rule is

P+F=C+2

P is the number of phases and C is the minimum number of chemical
components requires constituting all the phases in the system. F is the
number of degrees of freedom in the system also referred to as the
variance of the system). The integer in the Gibbs phase rule is related to


https://www.youtube.com/watch?v=jlekbTIhsjU&t=2209s

the number of intensive parameters such as temperature and pressure that
are being considered.

In roasting we have 3 components, that is metal, sulphur and oxygen. Also

pressure has no effect on condensed phases. Mostly roasting is carried out
at a constant pressure. The phase rule as applied to a 3- component system
at constant temperature and pressure reduces to

F=3-PF

For a given temperature the composition of the gas mixture is defined by

Psog and Po,

the partial pressure of gaseous components . Thus the phase

relations in the ternary system as constant temperature may be described

Pso, and Po,

in two dimensional diagram where are the two coordinates. Such

a diagram is called predominance area diagram.

The isothermal behaviour of some M-S-O systems with respect to their
relative stability can be represented by predominance area diagram.
These diagrams indicate those solids which are in equilibrium with the
gas having certain partial pressure of oxygen and Sulphur dioxide.
Hence this diagram helps to predict the type of solid present that
would be in equilibrium with the roaster gas of a known composition.
Sulphur dioxide gas is taken into account because during roasting of
sulphide ore S02 gas obtains.

In order to describe this diagram, let us consider Ni-S-0O system at
1000K .

At 1000K this system contains the condensed phases Ni, NiO, NiS,
Ni3S2,NisSo4.

The gas phase contains S02 and 02 but some amount of SO3 and S2 may
also be present inside the roaster.

It is a two dimensional diagram drawn between log pso2 and log po2, in
which each region represents a specific two dimensional area and these
are has 2 degree of freedom.

Each line (AB, BC etc.) represents transition line between two phases
and has 1 degree of freedom.

And each point on the diagram (A, B, C etc.) is the invariant point’s
and at these points three phases coexist.

Smelting

Smelting is a process that involves heating an ore to a high temperature,
typically beyond its melting point, in the presence of a reducing agent.
This process separates the desired metal from other elements in the ore.



It is a heating process of production of metal or matte.

Main Reducing agent used is C/S/sulphide.

Furnace used is reverberatory furnace, blast furnace, electric arc
furnace.

As gangue is less fusible than metal so flux must be added to form slag
which is easily fusible.

Mineral + gangue+ reducing agent+ flux = metal/matte + slag + gas

In matte smelting no reducing agent is used because sulphide itself
acts as reducing agent

Blast furnace- Reduction smelting
Reverberatory furnace- Matte smelting
Electric arc furnace- Reduction smelting and Matte smelting

Flash smelting

Flash smelting is a widely used pyrometallurgical process, primarily for
smelting sulfide ores, especially copper concentrates. Here's a detailed
explanation:

Core Principles:

Rapid Oxidation:
The process involves the rapid oxidation of sulfide minerals within
a concentrated stream of oxygen-enriched air or pure oxygen.

This rapid oxidation generates a significant amount of heat.

Autogenous Process:
In many cases, the heat generated by the oxidation reactions 1is
sufficient to sustain the smelting process, making it autogenous
(self-heating).
This reduces the need for external fuel, enhancing energy
efficiency.
Production of Matte and Slag:
The process produces two primary molten products:
Matte: A molten mixture of metal sulfides (e.g., copper
sulfide, iron sulfide).
Slag: A molten mixture of metal oxides and fluxing agents
(e.g., silica).
These two molten liquids are immiscible, and due to density
differences they separate in the settler portion of the flash
furnace.

Sulfur Dioxide Recovery:



The process generates a concentrated sulfur dioxide (S02) gas
stream, which is typically captured and used to produce sulfuric
acid. This significantly reduces environmental impact.

Matte smelting

Matte smelting is a fundamental process in the extraction of metals,
particularly copper and nickel, from sulfide ores. Here's a breakdown of
the key aspects:

What is Matte?

Essentially, matte is a molten mixture of metal sulfides. In copper
production, it's primarily a combination of copper sulfide (Cu,S) and
iron sulfide (FeS).

The composition of matte can vary depending on the ore and the smelting

process.
The Matte Smelting Process:

The primary goal of matte smelting is to convert sulfide minerals in
ore concentrates into this molten sulfide mixture (matte), while
separating unwanted materials into a slag.
Here's a simplified overview:
Ore Preparation: The sulfide ore concentrate is often prepared,
sometimes including roasting to partially remove sulfur.
Smelting:
The concentrate, along with fluxing agents (like silica), is
heated in a furnace.
Oxygen is introduced, causing the iron sulfide to oxidize and
form iron oxides, which then combine with the flux to create
slag.
The copper sulfide, having a higher affinity for sulfur,
remains in the molten matte.
Separation:
The molten matte and slag are immiscible (they don't mix), and
due to density differences, they separate into distinct layers.

The heavier matte settles at the bottom, while the lighter slag

floats on top.
The matte and slag are then tapped from the furnace.
Key Aspects:

Sulfur Removal: A significant portion of the sulfur in the ore is
removed during smelting, often as sulfur dioxide (SO.), which can



be captured for sulfuric acid production.

Slag Formation: The slag is designed to remove impurities from the
matte.

Intermediate Product: Matte is typically an intermediate product
that requires further processing (converting) to produce pure
metal.

Hearth smelting

Hearth smelting refers to a broad category of metallurgical processes
where ores are smelted in a hearth, which is essentially a shallow, open
furnace. While the term can encompass various historical and modern
practices, it's often associated with older techniques of metal
extraction, particularly iron and steelmaking. Here's a breakdown:

Key Characteristics:

Open Furnace:
Hearth smelting typically involves an open furnace design, where
the ore and fuel are in direct contact.

Direct Heating:
The heat source, usually charcoal or coal, directly heats the ore
within the hearth.

Slag Formation:
Fluxing agents are often added to the hearth to facilitate the
formation of slag, which separates impurities from the molten
metal.

Varied Applications:
Historically, hearth smelting was used to extract various metals,
including iron, copper, and lead.
In the context of steel making, the "open hearth furnace" was a
very important industrial process.

Common Fluxes Used

Limestone (Calcium Carbonate):
Widely used in iron and steel smelting.
Reacts with silica to form calcium silicate slag, which is easily
separated
Silica (Si0;):
Used as a flux in processes like copper smelting to react with iron

oxides and form slag

Fluorite (CaF.):



Reduces the melting point of slag and enhances its fluidity

Borax (Sodium Borate)
Commonly used in precious metal smelting to remove oxides and other
impurities

Cryolite (NazAlF¢):

Utilized in aluminum smelting to dissolve alumina and lower the
operating temperature

Open-Hearth Furnace Details:

Chargingdoor Hearth pMolten metal Slag
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Open Hearth Furnace

The open-hearth furnace used regenerative heating, where waste gases
were used to preheat the incoming air and fuel, improving efficiency.
It provided excellent control over the steel's composition, allowing
for the production of a wide range of steel grades.

However, it was a relatively slow process compared to modern
steelmaking methods.

The method of Distillation and Sublimation

Distillation

Distillation refers to the selective boiling and subsequent condensation
of a component in a liquid mixture. It is a separation technique that can
be used to either increase the concentration of a particular component in
the mixture or to obtain (almost) pure components from the mixture. The
process of distillation exploits the difference in the boiling points of



the components in the liquid mixture by forcing one of them into a gaseous
state.

It is important to note that distillation is not a chemical reaction but
it can be considered as a physical separation process.

+——Thermometer

Cooling
water out

Condenser

Cooling
water in

Distillate
(pure water)

Applications:

Refining Petroleum: Separating crude oil into various products like
gasoline, kerosene, and diesel.

Producing Alcoholic Beverages: Increasing the alcohol concentration in
fermented liquids.

Desalination: Removing salt from seawater to produce fresh water.
Chemical Industry: Purifying chemicals and separating mixtures.

Laboratory Work: Separating and purifying various chemical compounds.

Sublimation

Sublimation is the process of changing a solid into a gas directly. It is
similar to when the ice cubes evaporate without even melting into the
water. Under specific circumstances, some elements go directly from the
solid to the gaseous state. Sublimation is a phenomenon whereby there is a
transformation between solids and gases without an interim of liquids.

This takes place as the substance undergoes alterations in temperature and
pressure which bypass the liquid stage and directly convert the material
from solids to gases.



Sublimation Process

Sublimation I

Solid Gas

Sublimation ee

Converting of matte

Generally converting is carried out for matte.

The purpose of converting is to remove Fe,S & other impurities from Cu
matte.

For converting the matte is charged into a converter where 02 is
supplied to the liquid matte at high pressure

The converter is lined with chrome magnesite refractory.

In the converter the atmosphere is oxidising compare to other
atmosphere.

Air or 02 enriched air is injected to molten matte.

The 02 is directly reacting with the impurities present in the matte
i.e Fe,mainly Fe & S

The impurities are form its oxide & make a slag.

After oxidation of all the impurities it come to the slag living behind
approximately pure Cu.

The process is autogeneous because all the oxidation reaction 1is
exothermic in nature.

Converting of pig iron

Pig iron formed from blast furnace are in liquid state and having high
heat content.

Pig iron charged into the converter for removing impurities.
The vessel is lined with the magnesite refractory.
Pure oxygen is lanced into the hot metal .

This is a autogeneous process & exothermic in nature.



Flux is charged into the converter for stabilizing the acidic
impurities & give protection to the vessel refractory.

After formation of slag it float over the metal which is removes after
oxidation of all impurities.

Hydrometallurgical process

Hydrometallurgy is a branch of extractive metallurgy that involves using
aqueous solutions to extract metals from ores, concentrates, and recycled
materials. It's a contrast to pyrometallurgy, which uses high-temperature
processes. Here's a breakdown of the key aspects:

Core Principles:

Aqueous Solutions:
The process relies on dissolving metals into liquid solutions,
typically using acids, bases, or other leaching agents.

Chemical Reactions:

Hydrometallurgy utilizes chemical reactions to selectively extract
and separate metals.

Lower Energy Consumption:
Compared to pyrometallurgy, hydrometallurgical processes often
require lower energy inputs.

Environmental Considerations:
While hydrometallurgy can have environmental impacts, it can also
offer advantages in certain situations, particularly regarding the
processing of low-grade ores and the recycling of metals.

Stages of hydrometallurgy

1. Preparation of ore for leaching

The preparation of ore for leaching is a crucial preliminary step in
hydrometallurgical processes. It ensures that the valuable metals
within the ore can be effectively accessed by the leaching solution.
Here's a breakdown of the common preparation methods:

Size Reduction:

Crushing and Grinding:
The ore is typically subjected to crushing and grinding to reduce
its particle size. This increases the surface area of the ore,
allowing for better contact between the ore and the leaching
solution.



The degree of size reduction depends on the type of ore and the
leaching method used. Finer particles generally lead to faster
leaching rates.

Physical Separation:

Concentration:
In some cases, the ore may be concentrated before leaching to
increase the concentration of valuable metals. This can be achieved
through various physical separation techniques, such as:
Flotation: Used to separate valuable minerals from gangue
(waste rock) based on their surface properties.

Gravity separation: Used to separate minerals based on their
density.

Magnetic separation: Used to separate magnetic minerals from
non-magnetic minerals.

This step reduces the quantity of material that needs to be leached,
making the process more efficient.

2. Leaching

The process of leaching is used to extract the substances from the solids.
This process is carried out when the given substance is allowed to
dissolve in a liquid. It is carried out either through a natural process
or industrially.

The leaching process shows the release of both the organic as well as the
inorganic radionuclides or contaminants from a solid-state to a liquid
state when they get influenced by different processes like mineral
dissolution, complexation, and desorption.

The process of leaching is known to be a universal process in which water
tends to leach the material components that come in contact with it. This
can be its surface or its interior depending on how porous the material
is.

The ore of the given metal can be concentrated using this process when a
chemical reaction is caused with the help of a reagent that would
eventually lead to the ore getting dissolved and the impurities
undissolved.

Example of this process would be the leaching of noble metals such as gold
and silver with the help of dilute aqueous solutions of sodium cyanide or
potassium cyanide, with air present. The chemical reaction for the
leaching of silver can be given by:

Ag2S + 4NaCN - 2Na[Ag(CN)2] + Na2S



3. Separating of leach liquor

Separating leach liquor is a critical step in hydrometallurgical
processes, as it involves isolating the valuable metal-containing solution
from the solid residues of the leaching process. Here's a breakdown of the
key aspects:

Purpose:

The primary goal is to separate the "pregnant leach solution" (PLS),
which contains the dissolved metals, from the remaining solid materials
(tailings).

This separation is essential for further processing and metal recovery.
Methods of Separation:

Several techniques are employed to separate leach liquor, depending on the
characteristics of the ore and the leaching process:

Solid-Liquid Separation:

Filtration:
This is a common method where the slurry (mixture of liquid and
solids) is passed through a filter medium, allowing the liquid
(leach liquor) to pass through while retaining the solid
particles.
Various types of filters are used, including pressure filters,
vacuum filters, and filter presses.

Sedimentation:
This involves allowing the solid particles to settle under
gravity, leaving the clear leach liquor on top.

Clarifiers and thickeners are used to enhance sedimentation.

Centrifugation:
This method uses centrifugal force to accelerate the separation
of solids and liquids.

Centrifuges are particularly useful for separating fine
particles.

4. Recovery of metallic value from leach liquor

The recovery of metallic values from leach liquor is the culmination of
the hydrometallurgical process. After leaching and purification, the
dissolved metals in the pregnant leach solution (PLS) need to be extracted
and concentrated into a usable form. Here's a breakdown of the common
methods:



Electrowinning (Electrorefining):

This is a widely used technique, particularly for copper, zinc, and
nickel.

The PLS is subjected to electrolysis, where an electric current is
passed through the solution.

Metal ions are reduced at the cathode (negative electrode) and
deposited as a solid metal.

This method produces high-purity metals.
Precipitation:

This involves adding a chemical reagent to the PLS, causing the metal
to form an insoluble solid (precipitate).

The precipitate is then separated from the solution by filtration or
sedimentation.

This method is used for various metals, including gold, silver, and
uranium.

For Example, adding Zinc dust to a gold cyanide solution causes the
gold to precipitate.

Cementation:

This is a process where a more reactive metal displaces a less reactive
metal from the solution.

For example, iron can be used to cement copper from a copper-containing
solution.

This is a less pure version of electrowinning.
Solvent Extraction (Liquid-Liquid Extraction):

This technique uses an organic solvent to selectively extract the
desired metal ions from the PLS.

The metal-loaded solvent is then separated from the aqueous solution,
and the metal is stripped from the solvent using another aqueous
solution.

This method is particularly useful for separating metals with similar
chemical properties, like rare earth elements and cobalt/nickel.

Ion Exchange:

This method uses ion exchange resins to selectively remove metal ions
from the PLS.

The metal ions are adsorbed onto the resin, and then they are eluted
(removed) using a different solution.



This is used for purification and concentration.

Gaseous Reduction:

This process involves the use of reducing gases, such as hydrogen, to
precipitate metals from solution.

This is used in some Nickel and Cobalt recovery processes.

5. Recycling of leach liquor

Recycling leach liquor is a vital part of modern hydrometallurgical
processes, driven by both economic and environmental considerations.

Methods of Recycling:

Regeneration of Leaching Agents:

This involves restoring the effectiveness of the leaching agents in
the spent liquor.

For example, spent acid solutions can be regenerated by removing
impurities and adjusting the acid concentration.

Also, in some cyanide leach processes, the cyanide can be
regenerated.

Removal of Impurities:

Leach liquors can accumulate impurities during the leaching
process. These impurities can interfere with subsequent metal
recovery steps.

Various purification techniques, such as precipitation, solvent
extraction, and ion exchange, are used to remove these impurities.

Water Recovery:

Water is a valuable resource, and recycling leach liquor helps
conserve water.

Techniques such as evaporation, reverse osmosis, and membrane
filtration are used to recover water from spent leach liquors.

Closed-Loop Systems:

Modern hydrometallurgical plants are increasingly designed with
closed-loop systems, where leach liquors are continuously recycled
within the process.

This minimizes the discharge of wastewater and maximizes resource
recovery.

Flow diagram of hydrometallurgical
extraction



Ore Preparation

— crushing

— Grinding

F—— Agglomeration (if needed)
!

Leaching

F—— Acid Leaching (e.g., H2S0, for copper)
F—— Alkaline Leaching (e.g., NaOH for aluminum)
F—— Cyanide Leaching (e.g., for gold)

)

Solution Purification & Concentration

— Solvent Extraction (SX)

F—— Ion Exchange (IX)

F—— Precipitation (removal of impurities)

\)

Metal Recovery

F—— Electrowinning (for copper, zinc)

F—— Precipitation (for gold, silver)

F—— Cementation (e.g., iron replacing copper)
\)

Refining & Final Processing
— Melting

F—— Casting
— Purification

Common Leaching Reagents and Their
Applications

Leaching Reagent Chemical Used For Example Metals
Formula

Sulfuric Acid H2S04 Acid Leaching Copper (Cu), Uranium
(U), Nickel (Ni), Zinc
(zn)

Hydrochloric HC1 Acid Leaching Rare Earth Elements

Acid (REEs), Aluminum (Al),
Iron (Fe)

Nitric Acid HNO3 Acid Leaching Gold (Au), Silver (Ag),

Copper (Cu)

Cyanide Solution NaCN or KCN Cyanide Gold (Au), Silver (Ag)
Leaching



Leaching Reagent Chemical Used For Example Metals

Formula

Ammonia Solution NH3; + NH,*  Ammoniacal Copper (Cu), Nickel
Leaching (Ni), Cobalt (Co)

Sodium Hydroxide NaOH Alkaline Aluminum (Al) (Bauxite
Leaching Processing - Bayer

Process)

Thiourea CS(NH2) 2 Alternative to  Gold (Au), Silver (Ag)
Cyanide

Thiosulfate Na,S,0; Cyanide-Free Gold (Au), Silver (Ag)
Leaching

Chlorine & Cl,, NaOCl Chloride Gold (Au), Platinum

Hypochlorite Leaching Group Metals (PGMs)

Types of Leaching Techniques in
Hydrometallurgy

Leaching is the process of extracting metals from ores using chemical
solutions. The choice of leaching technique depends on the type of ore,
metal, and economic feasibility.

1. In-Situ Leaching (ISL) / Solution Mining
Process:

The leaching solution is injected directly into the ore body through
drilled wells.

Dissolved metals are pumped back to the surface for further processing.
Used For:

Uranium, Copper, Gold, and some rare earth elements.
Advantages:

Minimal environmental disturbance (no large-scale mining).

Lower operational costs.
Disadvantages:

Risk of groundwater contamination.

Not suitable for all types of ores.
2. Heap Leaching
Process:

Crushed ore is stacked in heaps on a lined pad.



A leaching solution (e.g., cyanide for gold, sulfuric acid for copper)
is sprayed over the heap.

The solution percolates through the ore, dissolving the target metal,
which is collected at the base.
Used For:

Gold, Copper, Uranium, Silver.
Advantages:

Low-cost and scalable for large operations.

Suitable for low-grade ores.
Disadvantages:

Slow extraction process.

Risk of leachate leakage, causing environmental concerns.

3. Vat Leaching (Agitation Leaching)

Process:

Crushed ore is placed in large tanks (vats).

The leaching solution is added, and mechanical agitation helps dissolve
the metal.

The metal-laden solution is drained for further processing.
Used For:

Gold, Silver, Copper, Zinc.

Advantages:

Faster than heap leaching.

Better control over leaching conditions.

Disadvantages:

Higher capital costs for tank construction.

Requires fine grinding, increasing costs.

4. Tank Leaching (Continuous Stirred-Tank Reactor -
CSTR)

Process:

Similar to vat leaching, but leaching occurs in a series of
continuously stirred tanks.

Fresh ore and leaching solution are continuously added while processed
slurry is removed.

Used For:

Gold, Silver, Copper, Nickel.

Advantages:

More efficient metal recovery compared to vat and heap leaching.



Good control over leaching parameters.
Disadvantages:

High capital and operational costs.

Requires fine grinding, increasing energy consumption.

5. Pressure Leaching (Autoclave Leaching)
Process:

The ore is placed in an autoclave with high pressure and temperature
conditions.

Acid or alkaline solutions dissolve the metal faster under pressure.
Used For:

Nickel (HPAL - High-Pressure Acid Leaching), Gold (Refractory ores),
Zinc, Copper.

Advantages:

Faster and more complete metal recovery.

Can process refractory (difficult-to-leach) ores.

Disadvantages:

Very high capital and operating costs.

Requires specialized equipment and maintenance.

6. Bioleaching (Bacterial Leaching)
Process:

Uses microorganisms (bacteria like Acidithiobacillus ferrooxidans) to
break down sulfide ores, releasing metals into solution.
Used For:

Copper, Gold, Uranium, Zinc.

Advantages:

Environmentally friendly (less toxic chemicals used).
Can treat low-grade ores.

Disadvantages:

Slow process compared to chemical leaching.

Requires careful microbial control.

Comparison of Leaching Techniques

Leaching Method Ore Type Speed Cost Environmental
Impact
In-Situ Low-grade Slow Low Moderate

Leaching



Leaching Method Ore Type Speed Cost Environmental

Impact
Heap Leaching Low-grade Slow Low Moderate
Vat Leaching Medium-high Medium Medium Moderate
grade
Tank Leaching Medium-high Fast High Low
grade
Pressure Refractory ores Very Very Low
Leaching fast high
Bioleaching Sulfide ores Slow Low Low

Electrometallurgical process

Electrometallurgy is a branch of metallurgy that utilizes electrical
energy to produce metals. It's a crucial process for extracting and
refining various metals, particularly those that are difficult to obtain
through other methods. Here's a breakdown of key aspects:

Core Principles:

Electrolysis:
The fundamental principle behind electrometallurgy is electrolysis,
which involves using an electric current to drive non-spontaneous
chemical reactions.
This process facilitates the reduction of metal ions, resulting in

the deposition of pure metal.

Electrical Energy:
Electrometallurgical processes rely on electrical energy as the
primary energy source for metal production.

Electrolysis

This is a chemical change by using electricity.

It is a technique that uses a direct electric current.

It is used for separating of elements from ores using electrolytic cell
,electrolytic cell- it breakup an ionic compound to forms elements.
Voltage is needed for electrolysis to occurs called decomposition
potential.

Electrolysis is an electrochemical processes involved in the
interconversion of electrical energy and chemical energy-generally in



ironically conducting media. Such media include aqueous solutions molten
salts and silicates, and organic liquids.
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Ionic Conductivity in Electrolysis

Definition: Ionic conductivity refers to the ability of ions in a
solution to conduct electricity. In electrolysis, this property is
essential for the transfer of charge between electrodes.

Role: During electrolysis, ions move towards the electrodes (anode or
cathode) where they undergo oxidation or reduction reactions. The
efficiency of these reactions depends on the ionic conductivity of the
solution.

Factors Affecting Ionic Conductivity

Several factors influence the ionic conductivity of electrolytes in
electrolysis:

Concentration of Ions: Higher concentrations of ions generally increase
conductivity because there are more charge carriers available

Nature of Electrolyte: Strong electrolytes dissociate completely into
ions, enhancing conductivity, while weak electrolytes do not dissociate
fully, resulting in lower conductivity

Temperature: Increasing temperature typically enhances ionic
conductivity by increasing ion mobility and solubility

Solvent Properties: The viscosity and nature of the solvent can affect
ion mobility and thus conductivity

Applications in Electrolysis



Electrowinning and Electrorefining: Ionic conductivity is crucial for
these processes, as it determines the efficiency of metal deposition at
the cathode.

Electroplating: The movement of ions towards the cathode is essential
for depositing a thin layer of metal onto another material.

Relationship with Electrical Conductivity

In electrolytes, ionic conductivity is the dominant form of electrical
conductivity. While electrons do not move freely in electrolytic
solutions, they participate in electrochemical reactions at the electrode
surfaces, converting electronic current into ionic current

In summary, ionic conductivity is vital for electrolysis as it facilitates
the movement of ions necessary for electrochemical reactions.
Understanding and optimizing these factors can improve the efficiency of
electrolytic processes.

EMF series

The Electromotive Force (EMF) Series, also referred to as

the Electrochemical Series, is a list of elements, primarily metals,
ranked based on their standard electrode potentials. This series 1is

crucial for understanding the reactivity of metals, predicting redox
reactions, and designing electrochemical systems.

Definition

The EMF series arranges metals and other substances in order of their
ability to lose or gain electrons (oxidation or reduction). Metals at the
top of the series are noble (less reactive), while those at the bottom
are active (more reactive). The standard electrode potential (EcEe) is
measured under standard conditions (25°C, 1M concentration, and 1 atm
pressure) relative to the hydrogen electrode (E°=0).



Electrode Reaction SRP (at 298 K)

*Lj Li* + e~ = Li(s) ~ 3.05V
L K K*+e 2> K(s) ~ 293V
T Ba
£ Ca Ca* + 2e~ = Cal(s) - 287V
é Na Na* + e~ = Na(s) 271V
o Mg Mg*? + 2e- > Mg(s) - 237V
‘5 Al
< * Electrolytes (H,0) HO(l) + e > Y2 H + OH" - 0.828 V
= *Zn Zn*2 + 2e- = Zn(s) - 076V
g Cr Cr*? + 3e- & Cr(s) - 074V
; *Fe Fe? + 2e- =+ Fe - 044V
< cd Cd*2 +2e- 3 Cd(s) - 0.40V
@ Co
° Ni Ni*2 + 2e~ 3 Ni(s) - 0.24V
£ Sn Sn*2 4+ 2e- & Sn(s) - 014V
Pb Pb** + 2e- 2 Pb(s) - 013V
*H_ 2H* + 2~ > H_(g) 0.00 V
Cu Cu?* + 2e- = Cu(s) 0.34V
Fe Fe’ + e~ & Fe® 077V
Hg Hg,2* + 2e” > Hg(D) 079 V
Ag Ag' + e- > Ag 0.80 V
Hg Hg?* = Hg(l) 0.85V
Br, Br, + 2~ 2Br 1.06 V

Important Characteristics of Electrochemical
Series

Substances that are stronger reducing agents than hydrogen are ranked
above hydrogen and have negative values of standard reduction
potentials.

All substances that have positive values of reduction potential and are
placed below hydrogen in the series are reducing agents weaker than
hydrogen.

Substances that are stronger oxidizing agents than the H+ ion are
placed under hydrogen in the series.

Metals at the top (which have high negative values of standard
reduction potentials) easily lose electrons. These are active metals.
The non-metals at the bottom (which have high positive values of
standard reduction potentials) tend to accept electrons easily. These
are active non-metals.



Faraday's Laws of Electrolysis

Faraday's Laws of Electrolysis, formulated by Michael Faraday in 1833,
provide a quantitative understanding of the electrochemical processes

involved in electrolysis. These laws are fundamental in explaining how
electrical energy influences chemical reactions at electrodes.

First Law of Electrolysis

The First Law states that the mass of a substance deposited or liberated
at an electrode is directly proportional to the quantity of electric
charge passed through the electrolyte. Mathematically, this is expressed
as:

m=ZQ
Where:

m is the mass of the substance deposited or liberated.
Z is the electrochemical equivalent (mass per unit charge).

Q is the amount of electric charge passed.

Second Law of Electrolysis

The Second Law states that when the same amount of electric charge is
passed through different electrolytes, the masses of substances deposited
or liberated are directly proportional to their chemical equivalent
weights. This can be represented as:

mxE
Where:

E is the equivalent weight of the substance, calculated as the molar
mass divided by the valence.

Key Concepts and Applications

Faraday Constant (F):

One Faraday (F) is the charge required to deposit one mole of
electrons, approximately equal to 96,485 C/mol

This constant is crucial for calculating the amount of substance
produced during electrolysis.

Electrochemical Equivalent (Z):



The mass of a substance deposited per unit charge.

Used to determine the efficiency of electrolysis processes.
Equivalent Weight

The mass of a substance that gains or loses one mole of electrons.
Essential for comparing the amounts of different substances produced

during electrolysis.

Electrowinning

Electrowinning is an electrochemical process used to extract metals from
their ore solutions by applying an electric current. It is widely used for
refining metals such as copper, gold, silver, zinc, and nickel from their
aqueous solutions.

Principle of Electrowinning

Electrowinning works on the principle of electrodeposition, where metal
ions in a solution are reduced and deposited as a solid metal onto a
cathode when an electric current is passed through the electrolyte.

Process of Electrowinning

Preparation of Electrolyte Solution
The metal to be recovered is dissolved in a suitable electrolyte
(usually an acidic or cyanide-based solution).
The solution contains positively charged metal ions (e.g., Cu2?*,
Au3*, Zn2%),
Electrolysis Process
Electrodes are placed in the solution:
Cathode (Negative Electrode): Metal ions gain electrons
(reduction) and deposit as solid metal.
Anode (Positive Electrode): An oxidation reaction occurs,
usually involving the evolution of gases (like oxygen) or
dissolution of an anode.
A direct current (DC) is applied, forcing metal ions in the
solution to move towards the cathode, where they are reduced and
plated as a pure metal.

Metal Recovery
The deposited metal is periodically removed from the cathode.
The recovered metal can then undergo further purification if

necessary.



Applications of Electrowinning

Copper Electrowinning: Used in hydrometallurgical copper production.
Gold & Silver Recovery: Extracts precious metals from leach solutions.
Zinc, Nickel, and Cobalt Refining: Purifies these metals from ore
solutions.

Wastewater Treatment: Removes heavy metals from industrial waste
streams.

Electrorefining

Electrorefining is an electrochemical process used to purify metals by
dissolving impure metal at the anode and depositing pure metal at the
cathode. This method is widely used for refining metals such as copper,
gold, silver, and nickel.

Principle of Electrorefining

Electrorefining operates based on electrolysis, where an impure metal is
made the anode, and a pure metal sheet is used as the cathode. When an
electric current is passed through an electrolyte solution, the impure
metal dissolves into ions and migrates to the cathode, where they get
deposited as pure metal.

Electrorefining Process

Setup of Electrolytic Cell
Anode (Positive Electrode): Made of impure metal.
Cathode (Negative Electrode): A thin sheet of the pure metal.
Electrolyte Solution: A suitable solution containing metal ions
(e.g., CuSO,; + H,S0, for copper refining).
Electrolysis Reaction
When a direct current (DC) is applied:
Metal atoms from the anode oxidize and dissolve into the
electrolyte as metal ions.
These ions migrate to the cathode, gain electrons (reduction),
and deposit as pure metal.
Impurities that do not dissolve settle as anode sludge or
remain in the solution.
Collection of Refined Metal
The pure metal is periodically removed from the cathode.

Anode sludge, which may contain valuable metals like gold, silver,
or platinum, is collected separately.



Applications of Electrorefining

Copper Electrorefining: Used in large-scale copper production.
Gold and Silver Refining: Extracts high-purity precious metals.

Nickel and Lead Refining: Removes impurities to produce high-quality
metal.



4. Basic approaches to Refining

Refining

Refining is the process of purifying a substance by removing impurities
and unwanted elements. In metallurgy, refining is used to obtain metals in
their purest form from ores, crude metal, or scrap. Various refining
methods are used depending on the metal and the type of impurities
present.

Types of Refining

Fire Refining in Detail

Fire refining is a pyrometallurgical process used to purify metals,
particularly non-ferrous metals such as copper, lead, and tin, by using
high temperatures. The process involves melting the impure metal and
applying heat to remove impurities through oxidation, reduction, and other
chemical reactions.

Process of Fire Refining

Fire refining typically involves the following steps:
1. Melting the Impure Metal

The first step is to melt the impure metal in a reverberatory furnace,
blast furnace, or cupola furnace.

The impure metal (e.g., copper scrap, copper matte, or lead) is heated
to a temperature above its melting point, turning it into a molten
liquid.

2. Oxidation of Impurities

During the refining process, the metal is exposed to oxygen (in the
form of air or oxygen-enriched air), which causes oxidation reactions.
Impurities like sulfur, arsenic, and iron are oxidized and converted
into their respective oxides. These oxides are usually less dense and
float to the surface of the molten metal.

For example, in copper refining:

Copper matte (which contains copper and iron sulfides) is oxidized:
FeS+02—>FeO+502



Cu2S5+0,-2Cu+S0,

Iron oxide (FeO) and other impurities form a slag that can be
removed from the molten metal.

3. Reduction of Impurities (Optional)

Sometimes, after oxidation, certain impurities need to be reduced (by
adding reducing agents such as carbon or hydrogen) to make them less
reactive and separate them from the refined metal.

For example, some oxides can be reduced back to their metallic form, or
sulfides can be removed with carbon.

4. Slag Formation and Removal

The slag, which consists of the impurities and oxidized materials,
forms a floating layer on top of the molten metal.

This slag is periodically removed to maintain the purity of the metal.
The slag may contain valuable by-products, such as iron or other
metals, that can be processed further for recovery.

5. Refining to Desired Purity

The refining process continues until the desired purity of the metal is
achieved. For instance, copper may be refined to 99.99% purity, making
it suitable for electrical and industrial applications.

The final refined metal may be cooled and cast into ingots or used for
further processing, such as electrowinning or electrorefining.

Key Reactions in Fire Refining (Copper Example)

Oxidation of Copper Matte (Cu,S):
Cu,>S+0,-2Cu+S0,

Oxidation of Impurities (Iron, Lead, Arsenic, etc.):

FeS+0,-»Fe0+SO0,

PbS+0,-Pb0+S0,

Formation of Slag:

The impurities, after oxidation, combine with fluxing agents (e.g.,
silica) to form a slag.

Applications of Fire Refining

Copper Refining:
Copper matte or scrap is refined to obtain pure copper.

Common in blister copper refining (after smelting).



Lead Refining:
Used to purify lead obtained from ores or from recycling.

Lead bullion is refined by oxidation to remove impurities like
silver, gold, and copper.

Tin Refining:
Tin ores are purified by fire refining.

Tin smelting often involves removing sulfur, iron, and other
impurities.

Advantages of Fire Refining

Simple and cost-effective for refining non-ferrous metals, especially
when dealing with large quantities.

Effective removal of many impurities through oxidation.

Suitable for batch processing in large furnaces, allowing flexibility
in scale.

No need for complex chemical reagents compared to some other refining
processes.

Disadvantages of Fire Refining

Energy-intensive due to the high temperatures required.

The process may lose some valuable metals that are oxidized or form
unwanted compounds.

Emissions of sulfur dioxide (SO.) and other gases, which need to be
managed or captured.

Zone Refining

Circular
heater

Recrystallized
pure metal

Impure
metal rod

v

Impurities
(molten zone)



Zone refining, also known as zone melting, is a high-purity metal
purification technique based on the principle of fractional
crystallization. It is primarily used to refine semiconductors (such as
silicon and germanium) and metals (like gallium, indium, and zirconium)
where ultra-high purity is required.

Principle of Zone Refining

Zone refining relies on the fact that impurities are more soluble in the
liquid phase than in the solid phase. When a molten zone moves through a
solid metal or semiconductor, the impurities concentrate in the liquid
phase and are carried to one end of the material, where they can be
removed.

Zone Refining Process

1. Preparation of Metal Rod

The impure metal or semiconductor is cast into a long, cylindrical rod.

The rod is placed in a special furnace that allows localized heating.

2. Formation of a Molten Zone

A movable heating coil (induction or resistance heater) is placed
around the rod.

The coil heats a small section of the rod, melting it while the rest of

the rod remains solid.

3. Movement of the Molten Zone

The heating coil is slowly moved along the length of the rod, allowing
the molten zone to travel.

As the molten zone moves, impurities dissolve in the liquid phase and
migrate with it.

When the molten zone solidifies at the trailing edge, it forms pure
metal, while impurities stay in the liquid phase.

4. Repeated Passes for Higher Purity

The process is repeated multiple times (sometimes hundreds of passes)
to achieve ultra-high purity.

The impurities accumulate at one end of the rod and are eventually cut
off and discarded.

Example: Zone Refining of Silicon (Si)



Silicon is a crucial material for the semiconductor industry (used in
microchips and transistors).

A silicon rod is placed in a zone refining furnace.
A high-frequency induction coil generates heat, forming a molten zone.

As the molten zone moves, impurities such as boron, phosphorus, and
iron migrate to one end.

After multiple passes, ultra-pure silicon (99.9999% purity) is
obtained.

Applications of Zone Refining

Semiconductor Industry - Refining of silicon (Si), germanium (Ge), and
gallium arsenide (GaAs) for microchips and transistors.

Purification of Metals - Used for high-purity titanium (Ti), zirconium
(Zr), and indium (In).

Production of Optical and Electronic Materials - High-purity crystals
for lasers and fiber optics.

Advantages of Zone Refining

Achieves extremely high purity (up to 99.99999%).
No need for chemical reagents - relies on physical separation.
Selective removal of impurities based on their solubility.

Used for both metals and semiconductors.

Disadvantages of Zone Refining

Slow process - requires multiple passes.
Energy-intensive due to controlled heating.

Expensive - only suitable for high-value materials.



5. Principle of Metal Extractions

Zeroth Law of Thermodynamics

The Zeroth Law of Thermodynamics defines thermal equilibrium, forming the
foundation of temperature measurement.

Statement:

If two bodies (A and B) are each in thermal equilibrium with a third body
(C), then A and B are also in thermal equilibrium with each other.

Significance in Metallurgy:

Temperature Measurement: This law allows the use of thermocouples and
pyrometers to measure furnace and reaction temperatures.

Heat Treatment Processes: Ensures uniform temperature distribution in
metals during annealing, tempering, and quenching.

Phase Equilibrium: Helps determine melting points, solidification, and
phase diagrams in metal alloys.

First Law of Thermodynamics

Heat Transfer

Work

State 1 State 2

First law of Thermodynamics

The First Law of Thermodynamics, also known as the Law of Conservation of
Energy, states that:



"Energy cannot be created or destroyed; it can only be transferred or
transformed from one form to another.”

Mathematically, it is expressed as:
AU=Q-W
where:

AU = Change in internal energy of the system
Q = Heat added to the system
W = Work done by the system

This means that the internal energy of a system changes due to heat
transfer and work done.

Key Takeaways

Energy is conserved in all metallurgical reactions.

The First Law helps in calculating heat requirements in furnaces and
reactions.

Work done by expanding gases (like in metal casting) follows the same
thermodynamic principles.

The Second Law of Thermodynamics

The Second Law of Thermodynamics states that:

In any natural thermodynamic process, the total entropy of an isolated
system always increases over time and can never decrease.

In Metallurgical Processes

Metallurgical processes involve extraction, refinement, and treatment of
metals, all of which rely heavily on thermodynamic principles. Here's how
the Second Law applies:

Spontaneity of Reactions (Gibbs Free Energy)

The Second Law is closely tied to Gibbs Free Energy (AG), where:
AG=AH-TAS

AG<® - spontaneous process (favored)

AG>0 -»> non-spontaneous (not favored)

In metallurgy, reactions such as reduction of metal ores must be
spontaneous at the given temperature.



Example:
Reduction of iron oxide (Fe.0s) in a blast furnace:
Fe203+3C0~»2Fe+3C02

This occurs because AG becomes negative at high temperatures, indicating a
spontaneous reaction.

Ellingham Diagrams

These diagrams plot AG vs. temperature for various metal oxides.

They are used to predict whether a metal can reduce another metal's
oxide, based on which line lies lower on the diagram.

Derived directly from Second Law principles (via AG and entropy
changes), these diagrams help in:
Selecting appropriate reducing agents.

Choosing operational temperatures.

Phase Transformations and Entropy

Solid e Liquid e Gas transitions (like in metal casting or alloy
formation) involve entropy changes.

The Second Law governs these transitions, especially in processes like:

Solidification (entropy decreases)

Melting or Vaporization (entropy increases)

Third Law of Thermodynamics

The Third Law of Thermodynamics states:

As the temperature of a perfect crystalline substance approaches
absolute zero (@ Kelvin), the entropy of the system approaches zero.

In simpler terms:

At absolute zero, a perfectly ordered crystal has only one possible
microstate, so entropy (S) = O.



No further energy can be removed, and molecular motion stops.

X

1

0 T

Internal Energy (U)

Definition:
Internal energy is the total energy contained within a system, including:

Kinetic energy of atoms/molecules (due to motion),
Potential energy (from intermolecular forces),
Chemical energy (in chemical bonds),

Nuclear energy, etc.

Formula:
Change in internal energy:
AU=Q-W

Q: Heat added to the system
W: Work done by the system

Relevance in Metallurgy:

During heating, melting, or chemical reactions, internal energy changes
reflect the amount of energy needed or released.

Enthalpy (H)

Definition:
Enthalpy is the total heat content of a system at constant pressure. It



combines internal energy and pressure-volume work.
H=U+PV

Change in enthalpy:

AH=AU+PAV

If AH<O@: exothermic (releases heat)

If AH>0: endothermic (absorbs heat)
Application:

Used to describe heat changes in chemical reactions, melting,
solidification, and alloy formation.

Crucial for reaction design in metallurgical furnaces.

Entropy (S)

Definition:
Entropy is a measure of the randomness or disorder of a system.

More microstates - higher entropy.

Gases > liquids > solids in entropy.
Entropy Change (AS):
AS=Qrev/T
Where:

Qrev: Reversible heat exchange

T: Absolute temperature (in Kelvin)
Key Points:

AS > @: system becomes more disordered (e.g., melting, vaporization)

AS < O: system becomes more ordered (e.g., crystallization)
Importance in Metallurgy:

Entropy changes help in:
Predicting phase transitions
Ordering/disordering in alloys

Assessing reaction spontaneity



Free Energy of a Chemical Reaction (Gibbs
Free Energy, G)

Definition:

Gibbs Free Energy determines whether a reaction is thermodynamically

spontaneous at constant pressure and temperature.

G=H-TS

Change in free energy:

AG=

AH-TAS

Interpretation:

In

AG<O: Spontaneous reaction (favorable)

AG=0: Equilibrium

AG>0: Non-spontaneous

Metallurgical Reactions:

Ore reduction, smelting, slag formation, and refining depend on the

sign and magnitude of AG.

Ellingham diagrams are plots of AG vs. T for various reactions used in

metallurgy.

9 Summary Table:

Concept
Internal U
Energy
Enthalpy H
Entropy S

Gibbs Free G
Energy

Symbol Definition

Total energy
within a system

Heat content at
constant pressure

Disorder or
randomness of a
system

Useful work
obtainable from a
process

Key
Equation
AU=Q-W

H=U+PV

AS=Qrev/T

AG=AH-TAS

Application in
Metallurgy

Heating, chemical
energy

Heat in reactions

Phase changes,
alloy behavior

Predicting
reaction
spontaneity



Raoult’s Law - Definition:

Raoult’s Law states that the partial vapor pressure of each component
in an ideal solution 1is directly proportional to its mole fraction 1in
the solution and its vapor pressure in the pure state.

€ Mathematical Expression:

For a component A in a liquid mixture:

0
PA::EA-PA

Where:
* P, = partial vapor pressure of component A

* T4 = mole fraction of component A in the liquid phase

. Pﬂ = vapor pressure of pure component A at the same temperature

For a binary solution (components A and B):

0 {
Popa=Ps+Pgp=x4-P,+xp-Pp

Henry’s Law:

Statement:

At a constant temperature, the amount of a gas dissolved in a liquid 1is
directly proportional to the partial pressure of the gas above the

Liquid.



Mathematically:
C=ky-P

Where:

o (' = concentration of the gas in the liquid
e P = partial pressure of the gas

» kp = Henry's law constant (depends on the gas and solvent)

Sivert’s Law:

Statement:

The solubility of a gas in a metal is proportional to the square root

of 1its partial pressure.

Mathematically:

Where:

o S = solubility of the gas in the metal
e P = partial pressure of the gas

e kg = Sivert's constant

Application in Metallurgy:

Particularly relevant for diatomic gases like H, and O..
Used to predict how hydrogen dissolves in molten or solid metals, which
is important in preventing defects like hydrogen embrittlement or

blowholes in castings.



# Understanding the Diagram:

@ Left Gra ph - (a) Positive Deviation from Raoult’s Law

[ ]

xg = 1).

e The actual curve (a_B) lies above this line.

Raoult’s Law line for B is the straight line connecting activity ap = 0 (when 25 = 0) toag = 1 (when

¢ Henry’s Law line is also shown near zp — 0, where Henry's law is valid (for dilute B).

e |t shows that:

ap > Ip

@ Right Graph - (b) Negative Deviation from Raoult's Law

¢ Again, Raoult's Law gives a straight line.

¢ But now, the actual activity curve lies below the line.

e This indicates:

Interpretation:

Type of Deviation Activity Behavior
Positive ag > Tp
Negative ag < Tp

ap < Ip

Cause

A-B interactions are weaker than A-
A and B-B

A-B interactions are stronger

(positive deviation)

(negative deviation)

Interaction

Tendency to escape — higher vapor

pressure

Less tendency to escape — lower vapor

pressure



6. Reaction Kinetics

Reaction Order

The reaction order refers to the power to which the concentration of a
reactant is raised in the rate law. It indicates how the rate of a
chemical reaction depends on the concentration(s) of the reactant(s)

@ General Rate Law:
For a reaction:

aA + bB — Products

The rate law is:

Rate = k[A]™[B]"

Where:
* k = rate constant
e [A], [B] = concentrations of reactants
* m,n = order of the reaction with respect to A and B

*» m -} n = overall order of the reaction

First Order Reaction

A first-order reaction is a chemical reaction whose rate is directly
proportional to the concentration of one reactant.

For a reaction:

A-»Products
The rate law is:

Rate=k[A]
Where:

[ A ] = concentration of reactant A



k = rate constant

Graphical Representation of a First-Order

Reaction

Concentration

Time

€© Half-Life of First-Order Reaction:

~0.693

1/2 k

Important: Half-life is independent of concentration for first-order reactions.

Significance:

Aspect

Kinetics
Radioactive Decay
Pharmaceuticals
Gas-phase

Reactions

Thermal
Decomposition

Importance

Helps determine how fast a substance reacts or
decomposes

Most radioactive decay follows first-order kinetics
(e.g., carbon-14)

Drug breakdown in the body often follows first-
order behavior

Many gas-phase and unimolecular reactions follow
first-order

Useful in metallurgy and materials science (e.g.,
decomposition of metal carbonates or nitrates)



Application of First Order Reactions in
Metallurgical Processes

In metallurgy, many chemical reactions involving gases, solids, or
decomposition processes follow first-order kinetics. Understanding and
applying first-order reaction principles helps in controlling reaction
rates, predicting product formation, and designing processes.

Thermal Decomposition of Ores

Many metal carbonates, nitrates, and hydroxides decompose thermally in
a first-order manner.

Example:

CaC03-»Ca0+C02

The rate depends only on the concentration of the solid reactant, which
is often modeled as constant, but the gas evolution (CO.) follows
first-order kinetics.

Reduction Reactions in Metallurgy

Some gas-solid reduction reactions (e.g., metal oxides with CO or H,)
follow pseudo-first-order behavior when the reducing gas is in excess.

Example:
Fe203+3H2-»2Fe+3H20

When H, is in large excess, the reaction appears to be first-order with
respect to Fe.O0s.

Kinetic Analysis in Roasting & Smelting

In roasting of sulfide ores (e.g., ZnS, CuS), gas-solid reactions often
exhibit first-order behavior with respect to the gaseous oxidant (0. or
S0,).

Useful in controlling furnace temperature and time for optimal
efficiency.

Leaching Processes (Hydrometallurgy)

In acid leaching of metal oxides, the rate may be proportional to the
concentration of the acid, following a first-order rate law.



Example:

Zn0O+2H+-»7Zn2++H20

Helps determine residence time in leach tanks and acid consumption.

ll Significance in Metallurgy:

Application Area Why First-Order Matters

Reaction rate control Optimizing furnace or reactor times

Process design Designing leaching tanks, kilns, or converters
Energy efficiency Minimizing over-processing or under-processing

Environmental control Predicting gas release (e.g., CO,, SO0,)



