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non-mEtals

Properties and uses of non-metals
Physical properties of non-metals
Non-metallic elements are found towards the top and right of the periodic table. Non-metal atoms usually have 4, 5, 
6 or 7 valence electrons, and form negative ions (with metals) and covalent bonds (with other non-metals).

Non-metal elements have a range of physical properties.
•	 Unlike metals, they are not good conductors of electricity (exception – graphite) and heat.
•	 They do not exhibit the properties of lustre, malleability or ductility.

Element
Symbol / 
formula

Physical 
state at room 
temperature Appearance (and odour, if any)

Hardness (if 
applicable)

carbon

C Solid

Dark grey solid 
(graphite) or 
colourless crystal 
(diamond)

Graphite

Soft (graphite); extremely 
hard (diamond)

Diamond

nitrogen N2 Gas Colourless

oxygen O2  
(O3, ozone)

Gas
Colourless 
(ozone has a 
sickly smell)

sulfur

S Solid
Yellow;  
faint odour

Crystalline, brittle

chlorine
Cl2 Gas

Green-yellow; 
strong smell

bromine

Br2 Liquid
Reddish-brown; 
fuming liquid, 
strong smell

iodine

I2 Solid
Purple/black 
metallic-looking 
solid (purple gas)
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Allotropes of elements
When two or more forms of the same element exist in the same state (solid, liquid or gas) but with different 
arrangements of the atoms, each form of the element is called an allotrope.
•	 Each allotrope is regarded as a different substance.
•	 Many non-metals have allotropic forms.

Oxygen
•	 The element oxygen exists as a gas at room temperature (20 °C).
•	 A molecule of oxygen is made up of two oxygen atoms, with the formula O2

•	 Oxygen gas makes up 21% of the Earth’s atmosphere.
•	 In combined forms, oxygen makes up 50% of the Earth’s crust.

Most elements combine directly with oxygen in a simple combination or combustion reaction. Elements that do 
not react with oxygen include the inert gases and the noble metals (e.g. gold and platinum).

   

Combustion reactions

 magnesium + oxygen $ magnesium oxide (+ bright white light)

 carbon + oxygen $ carbon dioxide (+ heat + light)

Metals combined with oxygen form ionic network (lattice) compounds that are strong but brittle solid structures 
with high melting and boiling points.

Apart from silicon dioxide, non-metals combined with oxygen form discrete molecular compounds in which the 
atoms are strongly held together by covalent bonds, but the 
individual molecules only have weak attractions between 
each other, so the substances are usually gases with low 
melting and boiling points.

Ozone – an allotrope of oxygen
When an electric spark is passed through oxygen gas, some diatomic oxygen molecules, O2, are converted into 
triatomic molecules of ozone, O3, as follows:

 3O2 $ 2O3

Silicon dioxide (quartz), SiO2, is a strong and hard 
lattice of covalent bonding between all the atoms.
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Ozone is a colourless gas with a strong sickly smell, and is an allotrope of oxygen.
•	 Ozone in the lower atmosphere is regarded as a pollutant, because it is 

harmful to the respiratory systems of animals.
•	 In the upper atmosphere, ozone is beneficial because it prevents 

harmful ultraviolet radiation from the Sun reaching the Earth’s surface.
•	 Ozone is used at very low concentrations to purify and deodorise air 

and water.
•	 Ozone is used in swimming pools and spas to destroy bacteria and 

makes viruses inactive. It is the strong oxidising effect of ozone that is 
responsible for its disinfecting properties.

•	 Ozone for water-disinfecting purposes is produced on-site by an ozone generator, which passes an electric 
discharge through air.

Benefits of using ozone:
•	 ozone kills microbes much faster than other oxidants like chlorine
•	 unlike chlorine, ozone leaves no harmful or smelly by-products and the only residue is oxygen.

Disadvantages of using ozone:
•	 poisonous, so must be handled carefully
•	 rapidly decomposes, so cannot be stored and must be made on site.

Non-metal properties and oxygen
1. Describe the appearance of the following elements at room temperature (20 °C):

a. chlorine 

b. oxygen 

c. nitrogen 

d. sulfur 
2. State one physical property of each of the following elements that makes the element different from the other 

three elements:

a. chlorine 

b. nitrogen 

c. sulfur 

d. carbon (graphite) 
3. a. Describe the appearance of ozone.

b. State and explain one use of ozone.

c. Explain why ozone is an ‘allotrope’ of oxygen.

Ozone, O3 or O–O=O

Answers
p.  63
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4. Name the type of bonding between the oxygen atoms in oxygen gas, and explain why that type of bonding 
occurs in terms of the structure of the atoms.

5. Write an equation for the reaction of oxygen gas with:
a. sodium metal to form sodium oxide

b. chlorine gas to form dichlorine monoxide.

Carbon and its allotropes
At room temperature, the element carbon is a solid. Some well-known carbon allotropes are graphite and 
diamond, which have quite different appearances and properties.
•	 Graphite is the most stable form of carbon.
•	 Graphite has the unusual property for a non-metal of being a very good conductor of electricity.

Property

Allotrope of carbon

Graphite Diamond

Physical state at room 
temperature

Solid; very high melting point Solid; very high melting point

Appearance Grey-black, shiny Colourless, transparent and crystalline

Hardness Very soft; used in pencils and 
as a lubricant

Very hard; hardest naturally occurring 
substance

Electrical conductivity Very good Poor

Reaction with oxygen Both allotropes produce carbon dioxide when heated in a plentiful 
supply of oxygen:

 C + O2 $ CO2

Both allotropes produce carbon monoxide when heated in a limited 
supply of oxygen:

 2C + O2 $ 2CO

Uses of carbon allotropes
Uses of diamond
•	 Diamond is used in jewellery – the hardness of diamond allows faces to be cut into the surface.
•	 Diamond is used as an abrasive to cut or grind other materials – e.g. diamond is used to cut glass and as the 

tips of drills used in mining.
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Uses of graphite
•	 Graphite is soft and is used as a lubricant. It can be mixed with clay to make ‘lead’ pencils.
•	 Graphite is relatively unreactive, has a very high melting point and conducts electricity – e.g. graphite is used 

for the electrodes in industrial electrolysis cells to produce aluminium metal.

Fullerenes
Fullerenes have a graphite-like structure, but instead of only hexagons of carbon atoms, they also contain 
pentagons (or even heptagons) of carbon atoms, which may be bent into spheres, ellipses or cylinders.
•	 Buckyballs are fairly large molecules formed completely of carbon atoms, bonded in such a way that 

a spheroid is formed. The best-known and simplest is the soccer-ball-shaped structure C60, known as 
‘buckminsterfullerene’.

•	 Carbon nanotubes are structurally similar to buckyballs, except that the atoms are bonded in a curved sheet 
that forms a hollow cylinder.

Structure of buckminsterfullerene
Nanotubes

The properties of fullerenes such as ‘buckyballs’ and carbon ‘nanotubes’ are still the subject of intense research in 
the field of nanotechnology. Possible applications of carbon nanotubes could make use of their unique properties 
of very high tensile strength, high electrical conductivity, high heat conductivity, and high ductility, along with 
relatively low chemical reactivity.

Properties of carbon
1. Explain the meaning of each of the following terms:

a. hard 

b. shiny 

c. melting point. 
2. Describe the appearance at room temperature of:

a. diamond 

b. graphite. 

Answers
p.  63
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3. State three uses of carbon based on the physical properties of carbon. Explain each use in terms of the 
properties of the material.

4. Consider the following diagrams of the two common allotropes of carbon.

Graphite Diamond
 Answer the following with reference to the structure and bonding of graphite and diamond shown above.

a. Explain why diamond is very hard and strong, and able to be used to cut concrete.

b. Explain how graphite is able to be used as a ‘dry’ machine lubricant.

c. Explain why both have high melting points.

5. Coal is a common source of carbon fuel used in electricity generation. The process aims to completely 
combust all the carbon in the coal used, but a small amount is still combusted incompletely.
a. Write a balanced chemical equation for the two types of combustion occurring.

  Incomplete combustion:

  Complete combustion:
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b. What must the controllers of the combustion process do to maximise the complete combustion?

c. Suggest a reason that it is advantageous for the electricity generation to combust completely all the coal 
used.

Nitrogen
Nitrogen gas makes up 79% of Earth’s atmosphere, and is present in some parts of the Earth’s crust as sodium 
nitrate (saltpetre).
•	 Nitrogen is a chemically unreactive gas, but lightning may cause a small amount of atmospheric nitrogen and 

oxygen to react to produce NO, nitric oxide:
  N2 + O2$ 2NO
•	 Nitric oxide combines with more oxygen to produce a brown gas, NO2, nitrogen dioxide:
  2NO + O2 $	2NO2

Nitrogen oxides are also produced as a by-product from internal combustion engines in vehicles. Sunlight acting 
on NO2 forms a photochemical smog – an environmental pollutant which appears as a brown haze.

Solar radiation

NO2 (nitrogen dioxide)
Photochemical smog

H2O
(water)

O3
(ozone)

HNO3
(nitric acid)

NO2 reacts with oxygen in the presence of sunlight to form ozone, O3, which is an eye irritant and a respiratory 
irritant that damages a person’s breathing system.

When the NO2 in photochemical smog mixes with rainclouds, it reacts with the water to form a source of acidic 
rain:

 nitrogen dioxide  +  water  $  nitrous acid  +  nitric acid

 2NO2  +  H2O  $  HNO2  +  HNO3

Although acid rain mostly has detrimental effects on the environment, there is one gain from nitrogen-derived 
acid rain. The nitrate ion, NO3

– (released by the nitric acid produced) is used by plants as a source of nitrogen (as 
part of the nitrogen cycle).
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Ammonia
Ammonia, NH3, is a strong-smelling gas at room temperature.
•	 Ammonia is very soluble in water, and forms ammonia solution, which is a basic solution:
  NH3 + H2O $ NH4

+ + OH–

•	 Ammonia is a base and is neutralised by acids to produce ammonium compounds, e.g.:
  ammonia + hydrochloric acid $ ammonium chloride
  NH3 + HCl $ NH4Cl
•	 Ammonia can be prepared in the laboratory by heating a mixture of ammonium chloride and calcium 

hydroxide:
  ammonium chloride  +  calcium hydroxide  $  ammonia  +  calcium chloride  +  water
   2NH4Cl  +  Ca(OH)2  $  2NH3  +  CaCl2  +  H2O

Manufacture of ammonia by the Haber process
In 1915, Fritz Haber invented a process for making ammonia, NH3, from readily available substances – natural 
gas (methane, CH4) to provide hydrogen, H2; air to provide nitrogen, N2; and water.

 nitrogen  +  hydrogen  $  ammonia
 N2  +  3H2  $  2NH3

Once ammonia has been produced, it is commercially simple and cheap to use this ammonia to make nitric acid. 
Nitric acid is used in the manufacture of explosives such as trinitroglycerine and TNT (trinitrotoluene). Ammonia is 
also used to make nitrogen-containing fertilisers.

Uses of ammonia
Ammonia is used for: making nitric acid (used to manufacture explosives); manufacture of synthetic fibres, such 
as nylon; as a liquid for use as a refrigerant; manufacture of agricultural chemicals which supplement nitrogen in 
the soil.

Nitrogen and the production of ammonia
1. Describe two physical properties of nitrogen.

2. Give the following details for the Haber process:

a. the raw materials needed
b. a balanced equation for the reaction between nitrogen and hydrogen.

3. For each fertiliser that follows, select the acid required to react with ammonia to manufacture it, and write 
the balanced symbol equation for each reaction.
a. Ammonium sulfate:

b. Ammonium chloride:

c. Ammonium nitrate:

TOXIC

Answers
p.  63
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4. Ammonia fountain experiment
 A flask of ammonia, held upside down, has a bung 

added with a glass tube through the bung. The end 
of the tube is placed into a beaker of water. Water 
rushes up the tube and sprays across the bottom of 
the inverted flask – this illustrates the solubility of 
ammonia gas in water.

ammonia 
(g)

ammonia 
(aq)

water + red litmus 
indicator solution

a. Explain why the water is drawn up to a ‘fountain’.

b. Write a word and a balanced symbol equation for the reaction that occurs.
  Word equation:

  Balance symbol equation:

c. Determine the colour of the litmus in the ammonia solution that forms, explaining your answer.

5. A catalytic converter is an attachment to vehicle exhausts that breaks down nitrogen oxides before they can 
be emitted to the environment. Explain why catalytic converters would be particularly good for vehicles in 
cities with a large amount of traffic congestion.
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Sulfur
The element sulfur is found near hot springs in volcanic regions as a pale-yellow crystalline solid. Other allotropes 
of sulfur also exist. The crystalline forms of sulfur are brittle, so sulfur is often seen as a yellow powder or in 
yellow lumps (rather than crystals).
•	 Sulfur dioxide gas is produced as a waste gas by some 

industrial processes and from burning fuels that contain 
sulfur impurities. Once released into the environment, the 
SO2 can dissolve in rainwater to produce ‘acid rain’: 
 SO2 + H2O $ H2SO3 (sulfurous acid) 
This acidic rain is a weak acid, but is still a problem as it 
causes skin irritations to animals, damage to metal and 
concrete structures, damage to plant foliage and soils, and 
acidification of waterways (which impacts on aquatic life).

•	 Sulfur dioxide gas is used in the food industry for 
disinfecting of packaging and also as a preservative during 
the storage of fresh foods. SO2 kills bacteria and fungi that would spoil foods and has an antioxidant 
(reducing) effect that prevents browning (oxidation).

•	 Sulfur dioxide gas is also a good bleaching agent that will remove colour from materials, so is used in the 
pulp and paper industry to make paper white.

Reaction of sulfur with oxygen
Sulfur will burn in oxygen (with a blue flame) to produce sulfur dioxide gas. Sulfur dioxide has a strong odour and 
irritates the throat and lungs.

 S + O2 $	SO2

Uses of sulfur
Sulfur is mainly used for the production of sulfuric acid. Sulfuric acid has many industrial uses as well as being 
used as a laboratory chemical.

Commercial preparation of sulfuric acid – The Contact Process
Annually, millions of tonnes of sulfuric acid are produced world-wide from sulfur using the Contact Process. 
The name of the process comes from the fact that the reacting gases of sulfur dioxide and oxygen come in contact 
with the catalyst. Sulfuric acid is manufactured in industrial plants made up of steel components. Since pure 
sulfuric acid will not attack metals, there is no corrosion of the plant by the sulfuric acid.

Stage Process Equation(s) Conditions

1 Sulfur dioxide 
produced from 
sulfur ore

Sulfur is burnt in air S + O2 $ SO2 Burn sulfur in air

2 Sulfur dioxide is 
converted into 
sulfur trioxide, SO3

Sulfur dioxide is mixed 
with air (oxygen) 
and passed over a 
catalyst of vanadium 
pentoxide, V2O5

2SO2 + O2 $ 2SO3

Temperature of 400 °C used 
to increase the catalyst’s 
efficiency (the catalyst is 
providing a surface on which 
the reaction takes place)

Forest affected by acid rain
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Essential chemistry
Atomic structure and periodic trends (page 3)
1. Atoms are electrically neutral. The number of positive protons must balance the number of negative electrons.

2. a. Metals and non-metals.

 b. Light shade   Metals

  Medium shade  Non-metals

  Dark shade   Inert gases

c. i. periods    ii. groups

3.

Atomic number Element Electron arrangement

2 He (2)

4 Be (2,2)

12 Mg (2,8,2)

20 Ca (2,8,8,2)

7 N (2,5)

15 P (2,8,5)

4. a. inert gas  b. metal  c. non-metal  d. inert gas  e. metal

5. Elements whose atoms have eight electrons in their outer energy levels show very little tendency to react. These elements are known as the inert gases. 
If an atom has one, two or three electrons in its outer energy level, then these electrons can be removed from the outer energy level. In this way, ions are 
formed. Atoms that lose electrons form positive ions, and negative ions are formed by atoms which gain electrons. Metal elements form positive ions and 
non-metal elements form negative ions.

 The reactivity of a metal is related to the ease with which electron(s) in the outer energy level of the atom is/are removed. Sodium is more reactive than 
magnesium, which is more reactive than aluminium. There is one electron in the outer energy level of an atom of sodium, two electrons in the outer 
energy level of an atom of magnesium, and three electrons in the outer energy level of an atom of aluminium. The energy needed to remove one electron 
from an atom is less than that needed to remove two, which is less than that needed to remove three electrons.

 However, one electron is attracted more strongly to an atom of a non-metal than are two electrons. Hence, fluorine is more reactive than oxygen.

6. a. Beryllium and magnesium.   b. Lithium and potassium.

7. Fluorine and chlorine have similar chemical properties because they are in the same group of the periodic table (i.e. have similar electron arrangements).

8. a. metals      b. non-metals

9. a. fluorine is F: 2,7 chlorine is Cl: 2,8,7

	 •	 Similar reactivity, because both in the same group of the periodic table.

	 •	 	Both have 7 valence electrons and both react to form negative ions with the addition of one electron.

	 •	 Both ions have a full outer energy level (stable electron arrangement).

	 •	 	Fluorine is more reactive than chlorine because it is above chlorine in group 17 (it has one less energy level, so the nucleus has greater 
attraction for an additional electron to form a covalent bond or a fluoride ion).

b. chlorine is Cl: 2,8,7 argon is Ar: 2,8,8

	 •	 Chlorine has 7 valence electrons and reacts to gain one more electron to fill the outer energy level.

	 •	 	Argon has a complete outer energy level – this gives a stable electron arrangement, and so it will be unreactive.

c. sodium is Na: 2,8,1 potassium is K: 2,8,8,1

	 •	 Similar reactivity – both in the same group of the periodic table.

	 •	 Both have 1 valence electron and will react to form positive, +1 ions, by losing this valence electron.

	 •	 Both ions formed have a full outer energy level (stable electron arrangement).

	 •	 	Potassium is more reactive than sodium because it is below sodium in group 1 (it has one more energy level, so easier to remove the valence 
electron).
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d. sodium is Na: 2,8,1 magnesium is Mg: 2,8,2

	 •	 	Sodium and magnesium are both metals and both lose valence electrons to form positive ions with a stable electron arrangement.

	 •	 	Sodium is more reactive than magnesium because it needs less energy to remove one valence electron (Na $ Na+) than magnesium; 
magnesium has two valence electrons (Mg $ Mg2+).

Nature and states of matter (page 8)
1.

GasSolid Liquid

2.

Solid Liquid Gas

Energy Low Medium High

Movement Vibrations about a fixed position Independent movement
Free and independent movement 
in any direction 

Closeness Close contact between particles Close contact between particles Large distances between particles 

Order Ordered arrangement in a lattice No order No order

Compressible? No No Yes

3. As a solid is heated, the particles begin to vibrate more strongly. Once the temperature reaches the melting point, the particles have sufficient energy to 
break away from the ordered arrangement of the solid and can move independently within the liquid.

4. As a liquid reaches boiling point, the particles have enough energy to break away from the liquid and become freely moving gas particles.

Types of matter (page 10)
1. Matter

Mixtures Pure substances

Compounds Elements

2. a. can vary   b. element or compound   c. mixture   d. compound the same

3.

Substance Classification Substance Classification

sugar crystals C hydrogen gas E

steam C milk M

magnesium chloride C copper metal E

mercury metal E seawater M

carbon dioxide C baking soda C

garden soil M sulfur E

Baking soda is 100% (i.e. ‘C’) sodium bicarbonate, NaHCO3. Baking powder is a mixture (M) of mainly sodium bicarbonate, NaHCO3, and tartaric acid, 
C4H6O6, that forms an acid + base → salt + water + carbon dioxide reaction when water is added.

4. a. sodium, oxygen      b. nitrogen, chlorine

c. sulfur, oxygen      d. calcium, fluorine

e. hydrogen, nitrogen, oxygen    f. nitrogen, hydrogen

Practice assessment Task 1: Atomic properties (page 11)
a. Be: 2,2

 O: 2,6

 Mg: 2,8,2

 S: 2,8,6

b. Beryllium and magnesium atoms are both located in group 2 of the periodic table. This is due to the fact that they both have 2 electrons in their 
outermost shell, so they will have similar reactivity. When forming ions, they will both lose the 2 outer electrons to attain the stability of having a full 
outer shell from the next shell now exposed as the ‘outside’ shell. As ions, their electron arrangements are Be2+: 2 and Mg2+: 2,8 – both have a 2+ 
charge due to the ions having 2 more positive protons than negative electrons. 
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