Properties of Metals
1 Compare the general physical properties of metals and non-metals, including:
(a) thermal conductivity
(b) electrical conductivity
(c) malleability and ductility
(d) melting points and boiling points
2 Describe the general chemical properties of metals, limited to their reactions with:
(a) dilute acids
(b) cold water and steam
(c) oxygen

Group 1 metals
The alkali metals are in Group I in the Periodic Table: lithium, sodium,
potassium, rubidium, caesium, and francium. Only the first three of these
are safe to keep in the school lab. The rest are violently reactive.
Their physical properties
The alkali metals are not typical metals.
 Like all metals, they are good conductors of heat and electricity.
 But they are softer than most other metals. You can cut them with a knife.
 They are ‘lighter’ than most other metals – they have low density. So they float on water – while reacting with it.
 They have low melting and boiling points, compared with most metals.

[image: ]

Why are they so reactive?
The alkali metals are the most reactive of all the metals.
Why? Because they need to lose only one electron, to gain a stable outer shell.
So they have a strong drive to react with other elements and compounds, in
order to give up this electron. They become ions. The compounds they form
are ionic. For example, sodium chloride is made up of the ions Na 1 and Cl 2.
The alkali metals form ionic compounds, in which the metal ion has
a charge of 11. The compounds are white solids. They dissolve in
water to give colourless solutions.

Transition metals

The transition elements are the block of 30 elements in the middle of the
Periodic Table. They are all metals, and include most of the metals we use
every day – such as iron, tin, copper, and silver.

The transition elements share these physical properties:
 hard, tough and strong. They are not soft like the Group I metals.
 high melting points. Look at the values in the table. But mercury is an
exception. It is a liquid at room temperature. (It melts at 239 ° C.)
 malleable (can be hammered into different shapes) and ductile (can
be drawn out into wires).
 good conductors of heat and electricity. Of all the metals, silver is
the best conductor of electricity, and copper is next.
 high density. They are heavy. 1 cm3 cube of iron weighs 7.9 grams –
over 8 times more than 1 cm3 cube of sodium.

Their chemical properties
1 They are much less reactive than the Group I metals.
For example copper and nickel do not react with water, or catch fire in air – unlike sodium. In general, the transition elements do not corrode readily in the atmosphere. But iron is an exception – it rusts easily. We spend a fortune every year on rust prevention.

2 They show no clear trend in reactivity, unlike the Group I metals. But those next to each other in Periodic Table do tend to be similar.

3 Most transition elements form coloured compounds. In contrast, the Group I metals form white compounds.

4 Most can form ions with different charges.

5 They can form more than one compound with another element. This is because of their variable valency. For example:
copper(I) oxide, Cu2O copper(II) oxide, CuO
iron(II) oxide, FeO iron(III) oxide, Fe2O3
The Roman numeral in brackets tells you how many electrons the metal atom has lost. This number is called its oxidation state.

6 Most transition elements can form complex ions. For example, if you add ammonia to a solution containing copper(II) ions, a pale blue precipitate of copper(II) hydroxide forms. It dissolves again if you add more ammonia, giving a deep blue solution. It dissolves because each copper ion attracts four ammonia molecules and two water molecules, forming a large soluble complex ion. This ion gives the solution its deep blue colour.

Uses of the transition elements
 The hard, strong transition elements are used in structures such as
bridges, buildings, and cars. Iron is the most widely used – usually in
the form of alloys called steels. (In alloys, small amounts of other
substances are mixed with a metal, to improve its properties.)
 Many transition elements are used in making alloys. For example,
chromium and nickel are mixed with iron to make stainless steel.
 Transition elements are used as conductors of heat and electricity. For
example, steel is used for radiators, and copper for electric wiring.
 Many transition elements and their compounds acts as catalysts.
Catalysts speed up reactions, while remaining unchanged themselves.
For example, iron is used as a catalyst in making ammonia.

Reactivity 
State the order of the reactivity series as: potassium, sodium, calcium, magnesium, aluminium, carbon, zinc, iron, hydrogen, copper, silver, gold.
2 Describe the reactions, if any, of:
(a) potassium, sodium, and calcium with cold water
(b) magnesium with steam
(c) magnesium, zinc, iron, copper, silver, and gold with dilute hydrochloric acid and explain these reactions in terms of the position of the metals in the reactivity series
3 Deduce an order of reactivity from a given set of experimental results.
4 Describe the relative reactivities of metals in terms of their tendency to form positive ions, by
displacement reactions, if any, with the aqueous ions of magnesium, zinc, iron, copper, and silver
5 Explain the apparent un-reactivity of aluminium in terms of its oxide layer.

The physical properties of metals
Metals usually have these physical properties.
1 They are strong. If you press on them, or drop them, or try to tear
them, they won’t break – and it is hard to cut them.
2 They are malleable. They can be hammered into shape without
breaking.
3 They are ductile: they can be drawn out into wires.
4 They are sonorous: they make a ringing noise when you strike them.
5 They are shiny when polished.
6 They are good conductors of electricity and heat.
7 They have high melting and boiling points. (They are all solid at room
temperature, except mercury.)
8 They have high density – they feel ‘heavy’. (Look at the blue panel.)

The chemical properties of metals
1 They react with oxygen to form oxides. For example, magnesium
burns in air to form magnesium oxide. 
2 Metal oxides are bases: they neutralise acids, forming salts and water.
3 Metals form positive ions when they react. For example, magnesium
forms magnesium ions (Mg2) when it reacts with oxygen.
4 For the metals in the numbered groups, the charge on the ion is the
same as the group number. But the transition elements have variable
valency: they can form ions with different charges. For example Cu 1
and Cu2.


The reaction of metals with water
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2 The reaction of metals with hydrochloric acid
It is not safe to add sodium or potassium to acid in the lab, because the
reactions are explosively fast.
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The general rules for thermal decomposition
These are the general rules:
 The lower a metal is in the reactivity series, the more readily its
compounds decompose when heated.
 Carbonates, except those of sodium and potassium, decompose to the
oxide and carbon dioxide.
 Hydroxides, except those of sodium and potassium, decompose to the
oxide and water.
 Nitrates, except those of sodium and potassium, decompose to the
oxide, nitrogen dioxide, and oxygen. The nitrates of sodium and
potassium form nitrites and oxygen.

Uses of metals 
Describe the uses of metals in terms of their physical properties, including:
(a) aluminium in the manufacture of aircraft because of its low density
(b) aluminium in the manufacture of overhead electrical cables because of its low density and good electrical conductivity
(c) aluminium in food containers because of its resistance to corrosion
(d) copper in electrical wiring because of its good electrical conductivity and ductility
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Corrosion of metals
State the conditions required for the rusting of iron and steel to form hydrated iron (III) oxide are water vapour and air.
2 State some common barrier methods, including painting, greasing, and coating with plastic.
3 Describe how barrier methods prevent rusting by excluding oxygen or water.
4 Describe the use of zinc in galvanising as an example of a barrier method and sacrificial protection.
5 Explain sacrificial protection in terms of the reactivity series and in terms of electron loss.
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Metals and Alloys
1 Describe an alloy as a mixture of a metal with other elements, including:
(a) brass as a mixture of copper and zinc
(b) stainless steel as a mixture of iron and other elements such as chromium, nickel, and carbon
2 State that alloys can be harder and stronger than the pure metals and are more useful.
3 Describe the uses of alloys in terms of their physical properties, including stainless steel in cutlery because of its hardness and resistance to rusting.
4 Identify representations of alloys from diagrams of structure.
5 Explain in terms of structure how alloys can be harder and stronger than the pure metals because the different sized atoms in alloys mean the layers can no longer slide over each other.

Explain in terms of their properties why alloys are used instead of pure metals 
● Pure metals have a regular arrangement of rows of equally sized positive metal ions surrounded by a sea of delocalised electrons. Because the ions are arranged regularly and are equal in size, the layers are able to slide over each other easily, leaving metals being soft and malleable 
● Alloys are made from 2 or more different types of metals. The different sized atoms distort the layers in the structure, making it harder for them to slide over each other. So alloys are harder than pure metals.
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Extraction of metals 
1 Describe the ease in obtaining metals from their ores, related to the position of the metal in the
reactivity series
2 Describe the extraction of iron from hematite in the blast furnace:
(a) the burning of carbon (coke) to provide heat and produce carbon dioxide
(b) the reduction of carbon dioxide to carbon monoxide
(c) the reduction of iron (III) oxide by carbon monoxide
(d) the thermal decomposition of calcium carbonate / limestone to produce calcium oxide and carbon dioxide
(e) the formation of slag
Symbol equations are not required.
3 State that the main ore of aluminium is bauxite, and that aluminium is extracted by electrolysis.
4 State the symbol equations for the extraction of iron from hematite
(a) C + O2 → CO2
(b) C + CO2 → 2CO
(c) Fe2O3 + 3CO → 2Fe + 3CO2
(d) CaCO3 → CaO + CO2
(e) CaO + SiO2 → CaSiO3
5 Describe the extraction of aluminium from purified bauxite / aluminium oxide, including:
(a) the role of cryolite
(b) why the carbon anodes need to be regularly replaced
(c) the reactions at the electrodes, including ionic half-equations
Details of the purification of bauxite are not required.

Extraction
After mining an ore, the next step is to remove or extract the metal from
it. How you do this? It depends on the metal’s reactivity.
 The most unreactive metals – such as silver and gold – occur in their
ores as elements. All you need to do is separate the metal from sand
and other impurities. This is like removing stones from soil. It does
not involve chemical reactions.
 The ores of all the other metals contain the metals as compounds.
These have to be reduced, to give the metal:
metal compound
reduction
metal
 The compounds of the more reactive metals are very stable, and need
electrolysis to reduce them. This is a powerful method, but it costs
a lot because it uses a lot of electricity.
 The compounds of the less reactive metals are less stable, and can
be reduced using a suitable reducing agent.
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Aluminium is the most abundant metal in the Earth’s crust. Its main ore is
bauxite, which is aluminium oxide mixed with impurities such as sand
and iron oxide. The impurities make it reddish brown.
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aluminium overhead electricity cables (with a steel core for a good conductor of electricity (not as good as copper, but cheaper

strength) and much lighter); ductile, resists corrosion
cooking foil and food cartons non-toxic, resistant to corrosion, can be rolled into thin sheets
drinks cans light, non-toxic, resistant to corrosion
coating CDs and DVDs can be deposited as a thin film; shiny surface reflects laser beam
copper electrical wiring one of the best conductors of electricity, ductile
saucepans and saucepan bases malleable, conducts heat well, unreactive, tough
zinc protecting steel from rusting offers sacrificial protection to the iron in steel
coating or galvanising iron and steel resists corrosion, but offers sacrificial protection if coating cracks
for torch batteries gives a current when connected to a carbon pole, packed

into a paste of electrolyte
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3 The sacrificial protection of iron
Iron is used in big structures such as oil rigs and ships. But it has one big
drawback: it reacts with oxygen and water, forming iron(III) oxide or rust.

To prevent this, the iron can be teamed up with a more reactive metal like
zinc or magnesium. For example a block of zinc may be welded to the side
of a ship. Zinc is more reactive than iron — so the zinc dissolves:

27n (s) — 2Zn** (ag) + 4de~ (oxidation)
The electrons flow to the iron, which passes them on, in this reaction:

0,(g) + 2H,0()) + 4e~ —> 40H " (aq) (reduction)
The overall equation for the reaction is:

2Zn (s) + O, (g) + 2H,0 () — 2Zn(OH), (aq)

So the zinc is oxidised instead of the iron. This is called sacrificial
protection. The zinc block must be replaced before it all dissolves away.

4 Galvanising
This is another way of using zinc to protect iron. It is used for the steel
in car bodies, and the corrugated iron for roofing.

® In galvanising, the iron or steel is coated with zinc. For car bodies,
this is carried out by a form of electrolysis. For roofing, the iron is
dipped in a bath of molten zinc.

® The zinc coating keeps air and moisture away. But if the coating gets
damaged, the zinc will still protect the iron, by sacrificial protection.
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Alloys: making metals more useful
The uses on page 202 are for the pure metals. But often a metal is more
useful when mixed with another substance. The mixture is called an alloy.

For example, mixing molten zinc and copper gives the gold-coloured alloy
called brass. When this solidifies, it is hard, strong, and shiny. It is used
for door locks, keys, knobs, and musical instruments such as trumpets.

Turning a metal into an alloy changes its properties, and makes it
more useful.

Why an alloy has different properties

This shows the atoms in a pure When pressure is applied, for
metal. They are arranged in a example by hammering the metal,
regular lattice. (In fact they are the layers can slide over each other
metal ions in a sea of electrons, easily. That is why a metal is

as you saw on page 62.) malleable and ductile.

It is not only strength that changes: other properties will change too.
For example the alloy may be more resistant to corrosion than the original
metal was.

You can add more than one substance. You can try out different amounts
of different substances, to design an alloy with exactly the properties that
you need.

Fon ol

mixture of alloy (different metal
metals atoms in lattice)

A In an alloy, the atoms of the second
metal must enter the lattice. So you need
to melt the metals first, then mix them.

force

But when the metal is turned into
an alloy, new atoms enter the lattice.
The layers can no longer slide
easily. So the alloy is stronger than
the original metal.
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Three examples of ore extraction
1 Iron ore This is mainly iron(III) oxide. It is reduced like this:

iron(I1I) oxide + carbon monoxide — iron  + carbon dioxide
Fe,0; (s) + 3CO (g) —>2Fe () + 3CO,(g)

We will look more closely at this extraction in Unit 14.3.

2 Aluminium ore This is mainly aluminium oxide. Aluminium is more
reactive than carbon, so electrolysis is needed for this reduction:

aluminium oxide — aluminium + oxygen
2A1,0, () —  4AL()  +30,(g)

We will look more closely at this extraction in Unit 14.4.
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Extracting iron

The blast furnace
This diagram shows the blast furnace used for extracting iron from its
ore. It is an oven shaped like a chimney, at least 30 metres tall.

hopper for new charge
loading charge added here

waste gases out
(used to heat up
the air blast)

iron forms
and trickles down
(400 °C)

carbon monoxide
forms and rises
(800 °C)

carbon dioxide
forms and rises
(1400 °C)

blast of blast of

hot air in = hotairin
<|—h | I— molten slag
plug hole
It l
molten iron -
plug hole

A mixture called the charge, containing the iron ore, is added through the
top of the furnace. Hot air is blasted in through the bottom. After a series
of reactions, liquid iron collects at the bottom of the furnace.

What’s in the charge?
The charge contains three things:

1 Iron ore. The chief ore of iron is called hematite. It is mainly iron(III)
oxide, Fe,0,, mixed with sand and some other compounds.

2 Limestone. This common rock is mainly calcium carbonate, CaCO,.

3 Coke. This is made from coal, and is almost pure carbon.
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The reactions in the blast furnace

Stage 1: The coke burns, giving off heat
The blast of hot air starts the coke burning.
It reacts with the oxygen in the air, giving carbon dioxide:

carbon + oxygen — carbon dioxide
C6) +0,(9 — CO,(9)

Stage 2: Carbon monoxide is made
The carbon dioxide reacts with more coke, like this:

carbon + carbon dioxide — carbon monoxide
€E) + ©CoG) =  AOE)

Stage 3: The iron(lll) oxide is reduced
This is where the actual extraction occurs.
Carbon monoxide reacts with the iron ore, giving liquid iron:

iron(lll) oxide + carbon monoxide — iron  + carbon dioxide
Fe,0;(s)  + 3C0O(9) — 2Fe () + 3CO,(9)

The iron trickles to the bottom of the furnace.

What is the limestone for?
The limestone breaks down in the heat of the furnace:

CaCO,— Cao (s) + CO, (g)

The calcium oxide that forms reacts with the sand,
which is mainly silicon dioxide or silica:

calcium oxide + silica —> calcium silicate
Cao (s) + Si0, (s) —> CaSiO, (s)

The calcium silicate forms a slag which runs down the furnace
and floats on the iron.

The waste gases: hot carbon dioxide and nitrogen come
out from the top of the furnace. The heat is transferred from
them to heat the incoming blast of air.

Where next?

The iron from the blast furnace is called pig iron.
It is impure. Carbon and sand are the main impurities.

Some is run into moulds to make cast iron. This is
hard but brittle, because of its high carbon content —
so it is used only for things like canisters for bottled
gas (page 252) and drain covers.

But most of the iron is turned into steels. You can

This, like all combustion, is a redox reaction.

The carbon is oxidised to carbon dioxide.

The blast of air provides the oxygen for the reaction.

The reaction is exothermic - it gives off heat, which helps
to heat the furnace.

In this redox reaction, the carbon dioxide loses oxygen.
Itis reduced.

The reaction is endothermic - it takes in heat from the furnace.
That's good: stage 3 needs a lower temperature.

In this redox reaction, carbon monoxide is the reducing agent.
It reduces the iron(lll) oxide to the metal.
The carbon monoxide is oxidised to carbon dioxide.

The purpose of this reaction is to produce calcium oxide,
which will remove the sand that was present in the ore.

Calcium oxide is a basic oxide. Silica is an acidic oxide.
Calcium silicate is a salt.

The molten slag is drained off. When it solidifies it is sold,
mostly for road building.

The carbon dioxide is from the reaction in stage 3.
The nitrogen is from the air blast. It has not taken part in
the reactions so has not been changed.
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The electrolysis tank
This is the tank for the electrolysis of aluminium:

carbon anode

carbon cathode
(lining of cell)

oxygen bubbling off

ore dissolved in molten
cryolite, at about 950 °C

steel cell

molten
aluminium
molten aluminium out
The reactions at the electrodes
Once the alumina dissolves, its aluminium and oxide ions are
free to move. They move to the electrode of opposite charge.
At the cathode The aluminium ions gain electrons:

4AI3T (1) + 12e~ —> 4AL (1) (reduction)
The aluminium drops to the bottom of the cell as molten metal.
This is run off at intervals. Some will be mixed with other metals
to make alloys. Some is run into moulds, to harden into blocks.

At the anode The oxygen ions lose electrons:

602" () — 30, (g) + 12e~ (oxidation)
The oxygen gas bubbles off, and reacts with the anode:
C(s) + 0, (g) — €O, (g) (oxidation of carbon)

So the carbon blocks get eaten away, and need to be replaced.
The overall reaction The alumina is broken down, giving aluminium:

aluminium oxide —» aluminium + oxygen
2A1,0, () —  4AI() +30,(g)

Some properties of aluminium

It is a bluish-silver; shiny metal.

It has a low density - it is ‘light’. Iron is three times heavier.
It is a good conductor of heat and electricity.

It is malleable and ductile.

VB W N

It resists corrosion. This is because a fine coat of aluminium oxide

forms on its surface, and acts as a barrier. (See page 191.)

6 It is not very strong when pure, but it can be made much stronger
by mixing it with other metals to form alloys. (See page 203.)

7 It is generally non-toxic (not harmful to health). But taking in large

quantities could harm you.
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The trends in their physical properties
Like any family, the alkali metals are all a little different. Look at this table:

lithium, Li soft
sodium, Na a little softer 0.97 98
density
potassium, K softer still 0.86 i s 63 d
rubidium, Rb even softer 1.53 39

caesium, Cs the softest 1.88 29
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potassium

sodium

calcium

magnesium

zinc
iron
copper
silver
gold

very violent with cold water; catches fire

violent with cold water
less violent with cold water

very slow with cold water, but vigorous
with steam

quite slow with steam

slow with steam

no reaction

most reactive

least reactive

hydrogen and a solution of potassium hydroxide,
KOH

hydrogen and a solution of sodium hydroxide,
NaCOH

hydrogen and calcium hydroxide, Ca(OH),,
which is only slightly soluble

hydrogen and solid magnesium oxide, MgO

hydrogen and solid zinc oxide, ZnO

hydrogen and solid iron oxide, Fe,O,
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magnesium
zinc
iron

lead

copper
silver
gold

vigorous
quite slow
slow

slow, and only if the acid is concentrated

no reaction, even with concentrated acid

most reactive

least reactive

hydrogen and a solution of magnesium chloride,
MgCl,
hydrogen and a solution of zinc chloride, ZnCl,

hydrogen and a solution of iron(ll) chloride, FeCl,

hydrogen and a solution of lead(ll) chloride, PbCl,
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1 Competing with carbon

crucible

magnesium oxide +
E 3 carbon powder
heat

Magnesium oxide is mixed with
powdered carbon and heated.

No reaction! So magnesium must
be more reactive than carbon.

beads of
molten lead

lead(l) oxide +
@ carbon powder
heat

But when lead(II) oxide is used
instead, it turns to molten lead,

and carbon dioxide gas forms. So
carbon is more reactive than lead.

The equation for the reaction with lead(II) oxide is:

2PbO (s) +  C(s) —

lead(Il) oxide +

carbon  —

2Pb(s) +
lead +

€O, (g)
carbon dioxide

The lead has lost oxygen: it has been reduced. Carbon is the reducing

agent. The reaction is a redox reaction.

Carbon is more reactive than some metals. It will reduce their oxides

to form the metal.

2 Competing with other metals, for oxygen

Some powdered iron is heated
with copper(II) oxide, CuO.
Can the iron grab the oxygen
from the copper(IT) oxide?

Nz
<z

The reaction gives out heat, once
it gets going. The mixture glows.
Tron(Il) oxide and copper are
formed. The iron has won.

The tests confirm that iron, zinc, and lead are all more reactive than
copper. The equation for the reaction with iron is:

Fe(s) +
iron  +

CuO (s) —
copper(Il) oxide —s

FeO (s) + Cul(s)

iron(Il) oxide + copper

The iron is acting as a reducing agent, removing oxygen.

A metal will reduce the oxide of a less reactive metal. The reduction

always gives out heat - it is exothermic.
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3 Competing to form ions in solution

iron nail coating of copper
on nail

blue solution of pale green solution

copper(ll) sulfate
Copper(II) sulfate solution Yes! Copper soon coats the nail.
contains blue copper(II) ions and The solution turns green, which
sulfate ions. An iron nail is placed indicates iron(II) ions. Iron has
in it. Will anything happen? pushed copper out of solution.

Once again, iron wins against copper. It displaces the copper from the
copper(II) sulfate solution:

Fe (s) + CuSO0, (aq) — FeSO, (aq) + Cul(s)
iron + copper(Il) sulfate —> iron(Il) sulfate + copper
(blue) (green)

Other metals displace less reactive metals in the same way.

A metal displaces a less reactive metal from solutions of its
compounds.
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Many compounds break down easily on heating. In other words, they
undergo thermal decomposition.

But reactive metals have more stable compounds. Will they break down
easily? Let’s compare some compounds of sodium and copper:

carbonate There is no change in this white compound. This blue-green compound readily breaks down to black
copper(ll) oxide and carbon dioxide:

CuCO, (s) —> CuO (s) + CO,(g)

hydroxide There is no change in this white compound. This pale blue compound readily breaks down
to copper(ll) oxide and water:

CuCIH, 5) —> Cuos) + HLO )

nitrate This white compound partly decomposes This bright blue compound readily breaks down to
to the nitrite and oxygen: copper(ll) oxide and the brown gas nitrogen dioxide:
2NaNO;, (s) —> 2NaNO, (s) + O, (9) 2CU(NQ,), () —> 2CuO (s) + 4NO, (g) + 0, (9)

sodium nitrite




