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INTRODUCTION 
 
Welcome to the short course ‘FET Chemistry for Educators’, developed by the Centre 
for Research and Development in Mathematics, Science and Technology Education 
(RADMASTE Centre), University of the Witwatersrand.  
 
In this short course, content from the three knowledge areas for Physical Sciences in the 
NCS will be covered, namely Matter and Materials, Chemical Change and Chemical 
Systems. Thus the Workbook will be divided into three parts: 
 
Part 1: Matter and Materials 
Part 2: Chemical Change 
Part 3: Chemical Systems 
 
We hope you enjoy using this Course Workbook, and find it useful in developing your 
understanding of some Physical Sciences concepts. If you need any assistance during 
your self – study you are welcome to telephone or fax us or contact us via e-mail: 
 

Professor John Bradley, Erica Steenberg or Andrew Chikochi 
RADMASTE Centre 
Private Bag 3 
PO Wits, 2050 

 
 Tel : (011) 717-3451 (switchboard) 

Fax : (011) 717-3459  
e-mail: john.bradley@wits.ac.za 
  andrew.chikochi@wits.ac.za 
  erica.steenberg@wits.ac.za  
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LEARNING OUTCOMES  
 
After completing this chapter you should be able to: 

• define the four spheres of Earth and give their predominant atomic compositions 
• describe, discuss and implement a variety of ways of testing water for dissolved 

substances 
• list several water treatments and explain their purpose 
• discuss and explain factors affecting the solubility of solutes in water 
• draw molecular representations of aqueous solutions 
• describe the role of water in the weathering of the lithosphere 
• describe the role of solar radiation in the global cycles 
• describe the different interactions between the hydrosphere and biosphere 
• describe and explain how the density and pressure of the atmosphere varies with 

altitude 
• draw molecular representations of the atmosphere 
• describe and explain the main features of the temperature variation with altitude in 

the atmosphere 
• explain the importance of polar molecules in the atmosphere in contributing to the 

greenhouse effect and global warming 
• explain how ozone forms in the stratosphere and how it contributes to shielding us 

from UV radiation 
• describe what CFCs are and why their use is now banned 
• explain the origin of the ionosphere and its importance for global communication 
• describe and give examples of the interaction of the atmosphere with the other 

spheres of Earth 
• describe and explain some of the basic concepts of mining and mineral processing, 

such as ore, mineral, resource and reserve, renewable, non-renewable and fossil 
resources 

• with the aid of a map identify some of the principal resources and mines in South 
Africa 

• describe and explain the main processes involved in obtaining gold from its ore 
• describe and explain the main processes involved in obtaining iron from its ore 
• describe and explain the main processes involved in obtaining phosphates from the 

ore 
• draw example molecular structures of coal and of the component hydrocarbons in 

natural gas and petroleum 
• describe how natural petroleum is processed to obtain a variety of products 
• explain why the combustion of fossil fuels as energy sources is creating global 

problems and describe how these resources might be better used 
• describe how the exploitation of the lithosphere impacts on the other spheres and 

the kinds of ways in which the negative aspects can be reduced 
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1.1. Introduction 
 
Planet Earth provides a gigantic example of the three states of matter � solid, liquid and gas. They 
are layered one upon the other too, in a familiar way.  The least dense on top is the gaseous 
atmosphere. The most dense is the solid at the bottom, called the lithosphere. In between in 
density, and in the sequence of layers, is the liquid hydrosphere. The layers of Planet Earth are not 
visible to us in the way we might see layers of different density in a test-tube, because the planet is 
approximately spherical (only approximately because it has a bulging waist line (equator)).  
 
Furthermore the liquid layer (hydrosphere) is not everywhere; it covers about two-thirds of the 
underlying solid (lithosphere) only. The other one third of the solid surface is in direct contact with 
the gas (atmosphere).  
 
The compositions of these three �spheres� are very different as the table below shows. Note that 
the figures are in % of total atoms, and that the lithosphere data are for the solid crust only.  
 

Total Earth Solid crust Hydrosphere Atmosphere 
O 49,3 O        62,0 H         66,00 N         78,43 
Fe 16,5 Si        21,0 O        33,00 O        21,08 
Si 14,2 Al        6,3 Cl          0,32 Ar          0,467 
Mg 1,6 Na       2,5 Na         0,28 C           0,018 
S 1,6 Ca       1,9 Mg        0,035 H           0,003 
Al 1,1 Fe       1,9 S           0,014 Ne         0,0018 
Ni 1,1 Mg      1,6 Ca         0,0061 He         0,0005 
Ca 0,7 K         1,4 K           0,0061 Kr          0,0001 
Other 1,0 Other  1,4 Other    0,3388 Other    0,0000 

 
  
In addition to these three spheres, there is the biosphere. The biosphere comprises all living 
organisms which may be found in all three of the other spheres. 
 
Q 1.1.1 When you compare the data for the total Earth with the data in the other three 

columns it is apparent that some atoms of the total Earth are missing from the solid 
crust, hydrosphere and atmosphere. Where are they and which atoms are they? 

 
 Matter and energy are continually interchanged between these four spheres but we believe that 
the total mass and total energy is constant. The atoms are also pretty much constant too, although 
those that are unstable and radioactive are the exception to this statement. The molecules are of 
course not constant as they change when chemical changes occur. 
 In the following sections we shall study each of these spheres and their mutual interaction. We 
shall draw upon concepts introduced in other Knowledge Areas, namely Matter and Materials and 
Chemical Change. Aspects of the water cycle and nitrogen cycle have been discussed in Part 2: 
Chemical Change. 
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1.2. The Hydrosphere 
  The hydrosphere consists of all the solid and liquid water found on Earth, and the substances 
dissolved therein. It does not include: 

• the water found in the atmosphere 
• the water found in hydrated crystalline minerals in the lithosphere 
• the water found in plants and animal cells (included in the biosphere). 

 
 The water of the hydrosphere is never pure water. When we refer in common conversation �this 
water is pure� we may mean to say �it is safe to drink�! Municipal water from a tap, is generally safe 
to drink (the technical description for that is potable water), but it usually will have quite a variety of 
dissolved substances. Some of these can be traced back to where the water was initially taken 
from, whilst others may be there as a result of water treatment (purification) carried out by the 
municipality. Water scientists are responsible for guaranteeing that whatever is dissolved in the 
water is harmless, or even beneficial to us. (For example, some municipalities add fluoride to the 
water supply in order to reduce tooth decay.)  
 
Q1.2.1 In chemistry a pure substance can be defined as one in which all the molecules are 

the same. The description of water treatment above refers to �purifying� the water. If 
we buy orange juice too, we may see the label on the container claiming that it is 
pure orange juice. Explain the different everyday meanings of �pure�, adding 
examples of your own to illustrate. 

 
1.2.1. Testing the Water 
 As mentioned above, one of the tasks of water scientists is the guaranteeing of our water supply. 
They have to test and treat the natural water supplies to ensure our health. There is a variety of 
routine tests they use, and these may use sophisticated equipment. However, the principles on 
which these instruments are based can be experienced with quite simple procedures. We describe 
below, tests for pH, hardness and electric conductivity. 
 
  Measuring the pH of the water means measuring the concentration of hydrogen ions (or 
hydronium ions) in the water. Pure water does have its own hydrogen ions, but these are balanced 
by an equal concentration of hydroxide ions making the water neutral. The hydrogen ion 
concentration is extremely low (10-7 mol/l) in pure water, resulting in a pH of 7 (since pH = -
log10[H+(aq)]). 
 
Q 1.2.2 How can pH be measured?  Describe two methods. 
 
 The hardness of water is related to the concentration of metal ions with a multiple charge (M2+(aq) 
and M3+(aq)) in it.  The greater the concentration of such ions the harder the water. Hard water 
gets its name from the fact that it is hard to wash with. Soap does not perform well; it does not form 
a lather and a white �scum� forms. This scum is a precipitate, such as is exemplified in the 
following equation: 
    

Ca2+(aq)  +  2 C12H25COO-(aq)  =  (C12H25COO)2Ca(s) 
  
 Other tests (by chemical reaction) may be more specific for selected ions. For example a test 
procedure can be designed to identify the presence or absence of 3 of the halide ions (Cl-(aq), Br-

(aq) and I-(aq)). The procedure (using silver nitrate solution as test reagent together with nitric 
acid), is designed such that only these ions form precipitates (AgCl � white, AgBr � off-white, AgI � 
yellow). Another example is the testing for carbonates and sulfates with barium chloride solution 
and hydrochloric acid. 
 
Q 1.2.3 Write balanced chemical equations to represent the reactions involved in the test for 

halides, carbonates and sulfates, which are all referred to above. 
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 The electric conductivity of water is related to the ion concentration in the water. Water samples 
contain a variety of different ions, which contribute to the measured total conductivity according to 
their nature and their concentration. For control of water quality it is often useful to measure the 
total conductivity even though it does not identify what ions are present. Sometimes the 
measurement is reported in terms of �total salinity� (meaning total salts concentration). 
 
 

ACTIVITIES FOR TESTING WATER 

 

 

Activity 1: Testing the pH of a water sample 
 
1. You will be provided with five or six different water 

samples; 
� tap water, � tap water with 

sugar,  
� tap water with 

table salt, 
� tap water with 

lemon juice, 
� tap water with 

magnesium 
chloride, 

� sea water 
(when 
available). 

 
2. Take a small volume of solution from each of the water 

samples. 
3. Add a drop of Universal Indicator Solution to each 

sample. 
4. Observe the colour of the indicator in each sample. 

Use a colour chart to match the colour of the indicator 
to the pH of each sample. 

5. Record your results in a table.  

Activity 2: Measuring the hardness of a water 
sample 

1. Take a small volume of solution from each of the 
water samples used in Activity 1. 

2. Add a drop of dishwashing detergent to each 
sample. Stir and/or shake each sample to make 
sure that the water and detergent is well mixed. 

3. Observe the water sample. Has any foam 
formed? Compare the amount of foam produced 
in each sample. 

4. Arrange the water samples in increasing order of 
hardness. Write down this list. 
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Activity 3: Testing for the Presence of Sulfate and Carbonate Ions 
 
 Use RADMASTE Microscale equipment to perform the sulfate and carbonate ion test. 
 

1. Add 5 drops 1 M sodium sulfate solution to well A1 and 5 drops 1 M sodium carbonate solution to 
well A2. 

2. Add 3 drops 0,5 M barium chloride solution to both wells A1 and A2. 
3. Observe carefully. 
4. Add 1 drop 11 M hydrochloric acid to both wells A1 and A2. 
5. Observe carefully. 
6. Describe and explain your observations. What �change in appearance� confirms the presence of 

the ions being tested for? 
7. Investigate whether sulfate ions and/or carbonate ions are present in tap water (or water samples 

from other sources). 
 
Activity 4: Testing for the Presence of Halide Ions 
 
 Use RADMASTE Microscale equipment to perform the halide ions test. 
 
1. Add 5 drops 0,1 M sodium chloride solution to well B1, 5 drops 0,1 M sodium bromide solution to well 

B2, and 5 drops 0,1 M sodium iodide solution to well B3. 
2. Add 2 drops 2 M nitric acid to each of wells B1, B2 and B3. 
3. Add 3 drops 0,1 M silver nitrate solution to each of wells B1, B2 and B3. 
4. Observe carefully. 
5. Describe and explain your observations. What �change in appearance� confirms the presence of the 

ion being tested for? 
6. Investigate whether halide ions are present in tap water (or water samples from other sources). 
 
Activity 5: Testing the Conductivity of the Water samples 
 
1 Take a small volume of solution from each of the water samples. 
2 Measure the conductivity of the samples. The diagram below shows you how to do this using a 

RADMASTE™ Microconductivity Unit. 

3. Record your results in a table. 
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Activity 6: Testing for Dissolved Oxygen in a Water Sample 
 
Use RADMASTE Microscale equipment and the chemicals provided to perform the dissolved oxygen test 

1. Fill a sample vial with one of the water samples so that it is overflowing. (You can collect water from 
a tap, by gently filling the sample vial under the tap until the vial is overflowing.) Record the 
temperature of the water and make sure that there are no air bubbles trapped in the sample vial.  

2. Carefully place the open sample vial on a surface upon which you can work without upsetting the 
water sample. 

3. Use a syringe to remove 0,5 ml of the solution of manganese(II) sulphate (MnSO4(aq)). There must 
not be any air bubbles in the syringe! 

4. Place the tip of the syringe containing the MnSO4(aq) about halfway into the sample vial. Carefully 
push in the plunger of the syringe and add all of the MnSO4(aq) to the water sample. (Some of the 
sample will flow out of the vial. Do not be concerned about this.) 

5. Rinse the syringe with clean tap water and dry it. Use the cleaned syringe to remove 0,5 ml of the 
sodium hydroxide/potassium iodide solution (NaOH/KI(aq)). Make sure that you do not have any air 
bubbles in the syringe. 

6. Place the syringe tip about halfway into the sample vial as before and carefully add all of the 
NaOH/KI(aq) to the water sample.  

7. Push the stopper into the sample vial. This must be done in such a way that some of the water is 
pushed out of the vial to prevent any air bubbles from entering the sample vial. 

8. When the stopper is firmly in place, invert the sample vial (turn it upside down) a few times to mix 
the contents of the vial. 

 
What do you notice in the sample vial after adding both the MnSO4(aq) and the NaOH/KI(aq) to the water? 

 
9. Allow the precipitate to settle about halfway down the sample vial and then remix the contents. 

Allow the precipitate to settle as before.  
10. Rinse the 2 ml syringe with clean tap water, dry it and fill it with 1 ml of 11 M hydrochloric acid , 

making sure that no air bubbles are present in the syringe. (Note: Be very careful with the 
hydrochloric acid. If any acid drops onto the skin, rinse immediately with water.) 

11. Carefully remove the stopper from the sample vial so that no air enters the sample. Lower the 
syringe about halfway into the sample vial and add all of the 11 M HCl(aq) to the sample.  

12. Replace the stopper. Carefully invert the sample vial a few times to mix the contents of the sample 
vial. 

 
What happens inside the sample vial when the HCl(aq) is added? 

What happens while the contents of the vial are being mixed? 
 
13. Continue to mix the contents of the vial until all of the precipitate is dissolved. There should be no 

visible solid particles floating in the sample. The oxygen in the sample is now "fixed". The sample 
can be exposed to air at this stage.  

14. Rinse the 2 ml syringe again with tap water, dry it and use it to remove 2 ml of the sample from the 
vial. Add the 2 ml sample from the syringe into well F1. 

15. Use the narrow end of a microspatula to add a very small 
quantity of the soluble starch powder to the water sample in 
well F1. Stir the contents of well F1 to mix in the starch 
indicator.  

 
What happens in well F1 when the starch indicator is added? 

Do you think more or less oxygen dissolves in warm water than in cold water? 
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1.2.2. Treating the Water 
 As with testing the water, the treatment of water requires scientific expertise. A typical sequence of 
treatment stages would be  
(i) filtration to remove suspended solids,  
(ii) aeration to increase the concentration of dissolved oxygen, and speed up the oxidation of 

dissolved organic compounds,  
(iii) chlorination to kill harmful bacteria,  
(iv) softening (reducing the hardness) by removing the multiply charged metal ions � by 

precipitation, complexation and/or ion exchange.  
 
We shall discuss the chlorination in a later section (the chloralkali industry). The following activities 
focus on water softening  - by ion exchange and by complexation. 
 

ACTIVITIES ON WATER TREATMENT: WATER SOFTENING 
 
Activity 7: Water Softening by Ion Exchange 
 
Follow the instructions below to set up an experiment to soften water with a polymer known as 
Amberlite, using Microscience equipment. 
 

a) Push the microstand into well D12. 
b) Fill ¾ of a syringe with Amberlite. Place the syringe in the microstand so that it is directly 

above well F6 
c) Use a propette to add tap water to the syringe. Keep adding the water until the water 

dripping into F6 is clear. 
d) Move the microstand to D1. The 

syringe should now be above well F1. 
e) Use a clean syringe to transfer 2 ml 

of the 0.01 M CaCl2(aq) into well F2. 
f) Slowly transfer 2 ml CaCl2(aq) into 

the top of the syringe in the 
microstand. Watch the solution drip 
through into well F1. 

 
Which well (F1 or F2) contains the hard 
water and which contains the softened 

water? 
 
g) Add a drop of ammonium oxalate 

solution to wells F1 and F2. What do 
you observe? 

h) Ammonium oxalate is used here to show the presence of calcium ions. The oxalate, C2O4
2-

(aq) ions react with the calcium ions forming visible white, solid calcium oxalate � 
CaC2O4(s). Use this information to explain your observations above. 

i) Amberlite is a polymer with sodium atom ends. In this activity the Amberlite softens the 
hard water by removing calcium ions and replacing them with the sodium ions. This is 
illustrated in the equation below, where �A� represents the amberlite: 

2NaA(s)  + Ca2+(aq)   →  CaA2(s)   +  2Na+(aq) 
 
Would you expect the conductivity of the hard water to be greater than or equal to or less than that of the 

softened water? Explain. 
 

j) Use the RADMASTE Microconductivity Unit to test your answer. 
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Activity 8: Water Softening by Complexing 
 
1. Using a clean propette, add calcium chloride solution [0.01 M] into wells F1 and F2 until each 

is half full. 
2. Add 1 drop of ammonium oxalate solution to both wells F1 and F2.  
 

What do you observe in both wells F1 and F2 ?  
 
3. To well F2, add half a microspatula of pentasodiumtriphosphate. Use the glass rod to stir the 

solution in well F2.  Describe what you observe in well F2. 

4. Add a further half a microspatula of pentasodiumtriphosphate to well F2. Stir the solution 
again. Describe any further change in well F2. 

5. Continue with step 4 until the solution in well F2 is clear.  
 

Explain what you observe and write a chemical equation for any chemical reactions you propose. 
 

 
 
1.2.3. Aqueous Solutions 
 As we have seen, the �water� in the hydrosphere is actually an aqueous solution with a big variety 
of dissolved substances in it � although usually not in high concentration. Aqueous solutions are 
homogeneous mixtures in which the water is the solvent and the other substances are solutes.  
Water is usually described as a good solvent, or even a �universal solvent�. This overstates the 
case. Like other solvents, water dissolves certain types of substances but not others. Water 
molecules have very strong (for the size of molecule) intermolecular forces, mostly due to 
hydrogen bonding. If dissolving is to happen by a simple, intimate mixing of solute molecules with 
solvent (water) molecules, then the solute molecules must either have strong intermolecular 
interactions with water molecules (good hydrogen bonders) or else be so small that they can fit in 
holes formed by clusters of water molecules.  An example of the first kind would be a molecule of 
sugar, C12H22O11, a relatively big molecule with many OH groups to hydrogen bond with water 
molecules. An example of the second kind would be an oxygen molecule, O2. 
 
Q 1.2.4 Use the RMS to draw a representation of oxygen dissolved in liquid water. 
 
 The molecular mixing described above, is a physical change. But much of the dissolving for which 
water is �famous�, is a result of chemical change. Table salt is often given as an elementary 
example of the ability of water to dissolve a range of substances. However, solid sodium chloride is 
a giant molecule substance. It can only dissolve in anything by breaking chemical bonds between 
the sodium and chlorine atoms (which are held in a rigid 3-dimensional infinite network of bonds). 
When this break-up takes place, hydrated ions form in the solution. 
 
Q 1.2.5 Use the RMS to draw a representation of sodium chloride dissolved in water. 
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 The dissolving of sodium chloride is a completely different kind of event from the dissolving of 
sugar. Solid sugar contains regular stacks of sugar molecules with hydrogen bonding between 
them, that is all. The sugar molecules disperse amongst the water molecules, without any change 
in their molecular structure. These sugar molecules may be relatively big, but they are not giant 
molecules. 
 
 The extent to which water is able to dissolve such giant molecule substances (always forming 
hydrated ions) is unique. No other solvent has remotely the same capability.  
 
 Ions form in water not only from giant molecule solutes. Some simple molecule substances may 
dissolve by molecular mixing (like the sugar), but then these molecules react further. Molecules of 
some common acids are good examples of this behaviour. Hydrogen chloride, HCl(g), for example, 
dissolves in water (a small, hydrogen bonding molecule!) and then takes part in an acid-base 
reaction (hydron transfer) giving the solution familiar to us as hydrochloric acid: 
  

HCl (aq)  + H2O(l)  =  H3O+(aq)  +  Cl-(aq) 
 
Q 1.2.6 Use the RMS to draw a representation of hydrogen chloride dissolved in water. 
 
 
 A slightly different example arises with sulfur dioxide, a pollutant in the atmosphere, which 
dissolves in water and reacts as follows: 
 

SO2(aq) + H2O(l)  =  H2SO3(aq) 
H2SO3(aq)  + H2O(l)  = H3O+(aq)  +  HSO3

-(aq) 
 
 

1.2.4. The Interaction of the Hydrosphere with the Atmosphere 
 
 As discussed above, the water of the hydrosphere, is able to dissolve the gases in the 
atmosphere. Solubility data are given in the Table below: 
  

Gas Proportion of 
atmosphere (%) 

Solubility of gas 
(Volume of gas (ml) at STP* 

that dissolves in 1 ml of 
water at 20ºC) 

Approximate number 
of molecules of gas per 

1 000 000 000 
molecules of water in 

rainwater at 20ºC 
N2(g) 78,1 0,015 9 400 
O2(g) 20,9 0,031 5 200 
Ar(g) 0,934 0,034 250 

CO2(g) 0,035 0,88 250 
SO2(g) 0,00001 39,4 3 

• STP  = Standard temperature, 0ºC, and pressure 101.325 kPa. 
 

This shows that different gases have different solubilities (measured as the volume of the gas at 
STP that dissolves in 1 ml of water at 200C). The dissolving of nitrogen, oxygen and argon is a 
physical change � molecular (or atomic for Ar) mixing. The dissolving of sulfur dioxide may be 
partly physical, but there is a chemical change as described in the previous section. This is why its 
solubility is much greater than the first three gases. Carbon dioxide is a similar case; there is some 
reaction and ions form. 
 
Q 1.2.7 In a previous question (Q1.2.4) you drew a molecular representation of oxygen 

dissolved in water. Comment on the correctness of your drawing now that you have 
the table of data above. If there are some aspects of your drawing that are not 
correct, how could you change the drawing for the better? 
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 It is necessary to specify the pressure and temperature of the solubility data because these affect 
the solubility. The solubility of all these gases increases with increasing pressure (partial pressure 
in the atmosphere) and with decreasing temperature. 

 
Figure 1: solubility of gases vs pressure 

 
Q 1.2.8 Write equations to show what happens when carbon dioxide dissolves in water. 
Q 1.2.9 Sometimes water is required that does not contain any dissolved air.  A simple 

way of getting this is to boil the water. Explain why this works. What happens as 
the water cools back to room temperature? What could you do to prevent this? 

 
 Water also interacts with the atmosphere by vaporization: liquid water and solid water have a 
vapour pressure. This means that at all times water molecules leave the surface of the liquid or 
solid water and enter the gaseous state. So the atmosphere always has some percentage of water 
molecules. This varies according to the temperature; at higher temperatures there is a greater 
percentage of water molecules in the atmosphere. This is why when the composition of the 
atmosphere is described quantitatively, this is normally done for dry air. One must remember that 
in �normal� air there will be a percentage of water also. 
 
 The vaporization of water requires energy; it is an endothermic process. The magnitude of the 
energy required is unusually large for a substance with such small molecules. This is because of 
the strong hydrogen bonding between water molecules in the liquid and solid states, which has to 
be overcome when molecules leave the surface and move independently as individual molecules 
in the gaseous state. On Earth the energy of vaporization (latent heat of vaporisation) is basically 
derived from the solar radiation reaching the surface. The IR component is the relevant one, as 
water is colourless and does not absorb visible radiation. The absorption of IR radiation by the 
water molecules increases their KE (initially their bond vibrations). 
 
Q 1.2.10 The table below gives the heat of vaporization (J/g) of some liquids at 250C. 

Convert the data into units of J/mol and comment on the results. 
 

Substance Heat of vaporization 
(J/g) 

Water 2 257 
Ammonia 1 368 
Ethanol 854 
Benzene 395 
Carbon tetrachloride 194 
mercury 295 
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1.2.5. The Interaction of the Hydrosphere with the Lithosphere 
 
 Both liquid and solid water (ice, snow) interact with the surface of the lithosphere. The surface of 
the lithosphere comprises both soil and rocks. The soil and rocks vary a lot from place to place, but 
in all cases the soil is a product of break up (weathering) of rocks. Weathering can be a physical 
process in which water plays an important part. Large bodies of ice on a mountain slope may slide 
slowly down the mountain grinding the surface of the rock as they do so. This is the effect of 
glaciers. A more surprising physical effect of water is shown in the figure below: 
  

 
For example, where there are cracks in rocks water may fall (rain) or flow over the rock causing the 
crack to fill with water. When the surrounding temperature falls (eg at night) the water may freeze 
forming ice. This freezing is accompanied by expansion (ice has a lower density than liquid water) 
and this makes the crack in the rock bigger. When this sort of mechanical/physical change is 
repeated over and over again, it leads to complete break-up of the originally solid rock into small 
pieces. 
 
 The expansion associated with the freezing of water, is almost unique to water. Almost all liquid 
substances contract when they freeze. The reason for the special behaviour of water is once again 
the strong hydrogen bonding between the molecules. In ice, this hydrogen bonding is optimized 
when the water molecules form an open network that allows 4 hydrogen bonds per molecule and 
where the O-H of one molecule is lined up with the H of a neighbouring molecule. When the 3 
atoms H-O�H are in a straight line, the attractive force is at a maximum. The diagram below 
shows how this is achieved in the molecular arrangement in ice. Notice the open character of the 
overall arrangement, which gives rise to the low density of ice. 
 

 

Figure 2: a granite rock with cracks filled with ice 

Figure 3: A representation of hydrogen bonds in ice 
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Q 1.2.11 To break a hydrogen bond usually requires about 0,1 aJ . How is it possible that 
the formation of hydrogen bonds when water freezes can break a rock? 

 
 Water also causes break up of rocks by chemical processes. These reactions are very slow and 
may be imperceptible to us on a daily basis. The surface layers of the lithosphere are made up of a 
great variety of solid substances in a heterogeneous or homogeneous mixture. More than 80 % of 
them contain atoms of silicon and oxygen: silica (SiO2) (10%), silicates (20%) and aluminosilicates 
(50%). In the case of the silicates and aluminosilicates there are also metal atoms (such as Na, K, 
Ca, Mg, Fe and Al) present. Silica does not dissolve in water but the silicates and aluminosilicates 
do react very slowly with water and, especially, acidic water. An example chemical reaction is 
represented in the equation: 
 

 
    Note that there must be anions present also to balance the cations shown in the equation. Since 
they are �spectators� in the process they have been omitted for simplicity. 
 
  The equation shows how chemical weathering of rocks can take place, forming soils (exemplified 
by the clay ). It also shows that some of the products of the reaction are formed in aqueous 
solution. This then is one type of source of the dissolved substances found in the hydrosphere. 
These dissolved substances may be nutrients for plants and animals; if they are not taken up in 
this way, then they will eventually finish up in the oceans. 
 
Q 1.2.12 The equation given above referred to the behaviour of one example 

aluminosilicate, orthoclase. Which metal ions would you expect to form when the 
following aluminosilicates react with acidic water:  

 (a) albite, NaAlSi3O8,  
 (b) anorthite, CaAl2Si2O8?  
 
 
1.2.6. The Interaction of the Hydrosphere and the Biosphere 
 
 All living things need water. The human body is roughly two-thirds water for example! In the body 
the water is again not pure but is a solution of many different dissolved substances. The digestion 
of food and respiration are just two examples of vital processes in which water is the solvent.  
 Plants have a special need for water because of photosynthesis, a process driven by visible 
radiation from the Sun: 
 

6 CO2(g)  +  6 H2O(l)  =  6 O2(g)  +  C6H12O6 (aq) 
 
 As the previous discussion implies the water may not only itself be required, but dissolved 
substances too. The water is then a transporting medium for nutrients required by the plants. This 
takes place through the roots of the plants embedded in the soil. Water is the solvent which allows 
ions in solution to move through the soil. The plant macronutrients are nitrogen, phosphorus and 
potassium, and these may be carried in aqueous solution as nitrate (NO3

-) and ammonium (NH4
+) 

ions, dihydrogenphosphate (H2PO4
2-) ions and potassium (K+) ions.  

2 KAlSi3O8 (s)  +  2H+(aq)  + 9 H2O(l) =  Al2Si2O5(OH)4(s)  +  2K+(aq) + 4 H4SiO4(aq)
    orthoclase                                               kaolinite 
aluminosilicate    +   acidic  water   !           clay         +     metal ions  +  silicic acid   
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1.3. The Atmosphere 
 The atmosphere is a gaseous mixture held to the surface of the Earth by gravitational forces. 
Unlike samples of gas in a container (where the gas uniformly fills the container), the atmosphere 
is uncontained! Consequently the smaller Moon of Earth, with its weaker gravitational forces, has 
no atmosphere. And consequently also the atmosphere of Earth is not uniform, although it may 
appear so to us as we experience it over a limited range. 
 
 The simplest way to see the gravitational effect is to study the graph showing how the density of 
the atmosphere varies with altitude: 

 

 
We see that the density of the atmosphere decreases rapidly with increasing altitude. However, 
since most people live at less than 2 km (2 000 m) altitude, we are often unaware of the trend. Of 
course, like all gases, even at zero altitude, the density of the atmosphere is very much less than 
the density of say the water of the hydrosphere: the units of density on the graph are g/l, not g/ml! 
Because of this rapid decrease of density with altitude, 90% of the mass of the atmosphere is 
within about 15 km and 99,9% is within about 60 km of the surface. 
 
 The pressure of a gas is proportional to its density, so a graph of atmospheric pressure versus 
altitude would look very similar to the density one above. In Durban, at zero altitude, the pressure 
is about 100 kPa whilst in Johannesburg (at 1 740 m) it is about 83,5 kPa. At the top of Mt Everest 
(8 850 m, the highest point of the lithosphere) the pressure is about 30 kPa. Even the pressure 
difference between Durban and Johannesburg is noticeable, although the effect is mostly 
experienced through breathing differences. Just as the total pressure of the atmosphere is less in 
Johannesburg, so also is the partial pressure of the oxygen in it. In turn this results in a lower 
concentration of oxygen in our blood and hence a reduction in the rate of many of our vital 
functions. Of course, whether or not we feel less energetic is influenced by many other things, like 
temperature and humidity. 
 
Q 1.3.1  Starting from the ideal gas equation, prove that, for an ideal gas, pressure is 

proportional to density. Use the relationship and the graph for density vs altitude 
to calculate the pressure of the atmosphere at an altitude of 50 km. 

 

Figure 4: Density of atmosphere at different altitudes  
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1.3.1. Composition of the Atmosphere 
 The composition of the atmosphere near to the surface of the Earth is shown in the Table 2 below: 
 
Table 2  

 Gas Chemical 
formula 

% by 
volume 

Importance for life 
on Earth 

nitrogen  78,08  
oxygen  20,95  
argon  0,93  Major components  
carbon 
dioxide 

 0,036  

 
neon  0,00182  

ammonia  0,00100  
helium  0,000524  

methane  0,000200  
Trace components  

krypton  0,000114  
 
 The dominance of nitrogen and oxygen in the atmosphere is widely known. Today, with all the talk 
about carbon dioxide emissions and their effect on climate, some people have gained the false 
impression that its percentage is now high! Often overlooked is the roughly 1% of argon; it may be 
overlooked because it is inert – it is one of the Noble Gas elements (Group 18). 
 
Q 1.3.2  Complete the Table above, putting in the missing chemical formulae and your 

knowledge of the importance of each component for life. 
 
Q 1.3.3  Use the RMS to draw a molecular picture of the atmosphere showing only the 

three most abundant substances. 
 
 Note that the Table refers to dry air. As noted earlier, there is a variable percentage of water in the 
atmosphere, which is higher the higher the temperature. We can “feel” this atmospheric water, 
which is covered by the term humidity. We feel uncomfortable when the humidity is high. This is 
because we cool our bodies by evaporation of water from our skin. However, water in the air can 
also condense on our skin, transferring energy back to us. When the percentage of water in the air 
is high, then the rate of condensation of water may become similar to the rate of evaporation. Then 
we feel uncomfortable! 
 
Q 1.3.4 It is commonly said that humidity is a problem for people living in Durban, but 

not for those living in Johannesburg. Why is this the case? 
 
 At a particular temperature in a closed system, equilibrium can be established between liquid and 
gaseous water. An equilibrium constant can be written in relation to the equation: 
 

H2O (l) =  H2O (g) 
 
as  K  =  [H2O(g)]/[H2O(l)] . Hence Kvap =  [H2O(g)] since [H2O(l)] is constant. The concentration of 
water in liquid water is approximately constant! Therefore at a particular temperature, there is a 
fixed equilibrium concentration of water vapour. This is usually expressed as a pressure, to which 
the concentration is directly proportional. So regardless of the atmospheric pressure, there is an 
equilibrium partial pressure of water vapour dependent only on the temperature. Since vaporisation 
of water is an endothermic change, the higher the temperature the larger the equilibrium partial 
pressure of water vapour. If this pressure is exceeded then water vapour will condense. This may 
cause precipitation, that is formation of rain (or snow and hail). This usually occurs due to a 
decrease of temperature, as when a “cold front” approaches, or when the water vapour rises to 
higher altitudes and encounters lower temperatures. 
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Q 1.3.5 Meteorologists describe raining, snowing, etc, as precipitation. Chemists use the 

same word to describe the formation of a solid product from a homogeneous 
chemical reaction in the liquid state. Based on this information, design a general 
definition of what is meant by the term precipitation. 

 
 Temperature changes are also the cause of winds, basically because temperature affects the 
pressure and/or volume of a gas. The big general temperature changes are related to the seasons 
and to day/night alternation. 
 
 The composition of the atmosphere is fairly uniform near the surface. There can be temporary 
non-uniformity due to human activity, which can for example cause localised increases in the 
concentration of gaseous pollutants. However, there is normally quite fast mixing so that near 
uniformity prevails. There is a gravitational influence over a large altitude range however, such that 
the atoms and molecules of smallest mass tend to be present in relatively greater proportion at the 
highest altitudes. 
 
1.3.2. Temperatures in the Atmosphere 
 
 As we know from personal experience the temperature of the atmosphere changes with the 
seasons and the time of day. These changes are due to the changes in the positioning of the Sun 
with respect to the Earth. Most people also know from experience that generally when they go up a 
big hill or a mountain it gets cooler! This is quite surprising when you think simplistically that you 
are getting nearer to the Sun! In fact the temperature variations in the atmosphere with change of 
altitude are unexpectedly complex, as the diagram below shows. 

 
Figure 5. The layered atmosphere: temperature trends

THERMOSPHERE

MESOSPHERE
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The complex pattern of temperature variation with altitude gives rise to the naming of different 
regions of the atmosphere as shown on the diagram.  From this one can see that for most of us, 
the troposphere is the only part we have personal experience of. Each of these regions of the 
atmosphere will require some attention from us in the following sections. One point can however 
be taken up here. 
 
 The diagram shows that, as we know from our own experience, the temperature in the 
troposphere decreases with increasing altitude. This means that at any one moment hotter air 
(lower density) lies close to the surface underneath colder air (higher density). The consequence is 
continuous mixing by convection of the lower and upper parts of the troposphere.  
The more dense, colder air forces the less dense, hotter air up as it sinks.  This is good for 
dispersal of pollutants generated by human activity at the surface. Where there is a “temperature 
inversion” in a localised region, such that there is cold air at the surface with warmer air above it, 
there can be serious pollution effects. The visible signs of this are usually the appearance of low-
lying smoke. This can happen, for example, in the Highveld region in winter when the dry 
environment (very low humidity) causes rapid evaporation of surface water even at night, causing it 
and the surface layers of air to cool drastically. When the Sun rises it gradually re-establishes the 
normal temperature trend, and the pollutants disperse.  
 
 In a similar way there is a change of temperature trend with altitude at the tropopause, the narrow 
region between the top of the troposphere and the bottom of the stratosphere. Hence in this region 
again we find warmer, lower density air of the stratosphere over cooler, higher density air of the 
troposphere. In these circumstances there is no convectional mixing, only molecular mixing. Hence 
for example, water molecules in the troposphere do not readily pass into the stratosphere. Instead 
we frequently see wispy cirrus clouds near the top of the troposphere, due to freezing of the water 
vapour. Commercial aircraft tend to fly at this altitude (around 15 km) to minimise the turbulence 
experienced by passengers. 
 
Q 1.3.6 How would you explain to airline passengers why flying high makes sense? 
 
1.3.3. Understanding the Troposphere 
 
 In previous sections some physical aspects of the troposphere have been discussed. In this 
section we shall be taking a more chemical focus, although of course they cannot be 
compartmentalised. In particular we shall focus on the influence of solar radiation on the 
troposphere. 
 
 Solar radiation that reaches the Earth’s surface comprises both visible and infrared (IR) radiation. 
These terms describe two different regions of the electromagnetic spectrum, with the IR being on 
the lower energy, longer wavelength side (750- 15 000 nm approx) of the visible (390-750 nm 
approx). Our eyes respond to visible radiation; IR is too low energy. We can “feel” the IR however 
when we warm ourselves in the sun. The molecules in our skin can absorb some of the 
wavelengths of IR and in so doing their bond vibrations are excited. This means the molecules 
have a higher KE; a higher KE in a collection of molecules means a higher temperature. 
 
 The visible radiation gives colour to our world; any object that is coloured (not white) absorbs 
some wavelengths of visible light. A black object absorbs all wavelengths of visible light. In 
absorbing the visible radiation the absorbing molecules become electronically excited. This may 
result in their chemical reaction (eg photosynthesis) or, through collisions, in energy transfer to 
other molecules. The extra energy is then usually evident in increased KE of the molecules and 
therefore a warming up of the object.  
 
Q 1.3.7 How do we know that longer wavelength means lower energy? Quote the 

relationship. Why would you expect that visible radiation (but not IR) could 
cause electronic excitation? 

 

Chemical Systems - Chapter 1: The Earth's Spheres - 2009/2010                                                                         21



 Absorption of the IR radiation gives warmth not only to us but to all our surroundings. So taken 
together one can see that both the visible and IR radiations from the Sun keep us warm. A 
consequence is that we, and our surroundings, also radiate IR back. It is not the same IR 
wavelengths as we receive from the Sun because we are at a lower temperature than the Sun! 
This outgoing radiation is called terrestrial radiation, to distinguish its origin from the solar radiation. 
 
The atmosphere is also a potential role player in these events – after all it also has a lot of 
molecules. However, the air does not absorb visible radiation – it is colourless. Hence we receive a 
large proportion of the visible part of the solar radiation entering the atmosphere. Clouds reflect it 
and scatter it however. Solar IR radiation also mostly passes through. This is because the 
predominant components do not absorb it. Argon atoms have no bonds to interact with it and the 
symmetrical diatomic molecules of nitrogen and oxygen do not absorb the IR either. It is only 
molecules with some polarity in their bonds that are able to absorb IR radiation. 
 
 Common molecules in the atmosphere with polar bonds are those of carbon dioxide and water. 
These do absorb IR radiation of selected wavelengths, and this is especially in the wavelengths of 
the terrestrial IR radiation. And the higher the concentration of these molecules in the troposphere, 
the greater the proportion of the terrestrial radiation absorbed. In past centuries this effect – now 
commonly referred to as the greenhouse effect – was a welcome natural phenomenon. This is 
because it kept the surface temperature of the Earth, higher than it would otherwise have been. 
The reason for this is that the carbon dioxide and water molecules which absorbed the outgoing 
radiation increased their KE, which they could transfer to other molecules too by collision, thus 
warming the troposphere. Some IR radiation from this warmer atmosphere could come back to the 
surface too, as well as going into outer space. Now however it is becoming too much of a good 
thing, as the concentration of carbon dioxide in the troposphere increases. The average surface 
temperature of Earth is increasing very slightly every year (global warming) and there is concern 
that climate changes will occur. Most scientists link this trend with the increasing concentration of 
carbon dioxide in the troposphere. 
 
Q 1.3.8 The phrase “greenhouse effect” not surprisingly has caught the eye of the public 

and the media. However like many such appealing phrases it may mislead. 
Describe how a greenhouse (hot-house) works for agriculture. Compare this with 
the action of carbon dioxide and water molecules in the troposphere. To what 
extent is the situation the same, and to what extent is it different? 

 
 The troposphere is a somewhat self-contained region of the atmosphere, due to the tropopause 
and the stratosphere above it. It is into this “container” that all the gaseous pollutants generated by 
human activity go. Carbon dioxide has always been produced because it is a product of the 
biosphere (respiration). But now that is augmented by the carbon dioxide produced by large scale 
combustion of fuels. All fuels produce this, whether they are biofuels or not! And as the World’s 
population increases, and aspires to and achieves a higher standard of living, so the production of 
carbon dioxide accelerates. Combustion is our principal source of energy. 
 
 This problem is augmented by the fact that combustion generates other gaseous pollutants, such 
as sulfur dioxide and nitrogen oxides. The sulfur dioxide arises because most fuels contain small 
percentages of sulfur. The nitrogen oxides arise because at the high temperature typical of 
combustion of fuels, nitrogen and oxygen in the air react together. Both the sulfur dioxide and 
nitrogen oxide molecules are polar and so can absorb terrestrial IR radiation, adding to the 
greenhouse effect. They are also reactive molecules having a negative effect on health and 
causing corrosion of buildings, etc. 
 
 Until there are new energy sources we are largely stuck with this problem. The sulfur and nitrogen 
oxides can be absorbed to prevent release into the environment; the nitrogen oxides can also 
either be absorbed or decomposed catalytically (as in motor car exhausts). There are also 
schemes for absorbing the carbon dioxide (“carbon sequestration”) but the quantities in this case 
are so huge that one wonders if this can help significantly. We can help ourselves mostly by 
decreasing the population growth to a point in fact where the growth is negative. 
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Q 1.3.9  Based on the discussion in this section (and other reading if you wish) how can 

you explain the decrease of temperature with increasing altitude in the 
troposphere? 

 
 
1.3.4. Understanding the Stratosphere 
 As the earlier graph showed, the temperature versus altitude trend in the troposphere reverses at 
the tropopause, and then throughout the next 30 km or so, the temperature increases with 
increasing altitude. Clearly there is a new factor coming into play, otherwise the trend of the 
troposphere would surely continue. 
 
 The new factor is an exothermic chemical reaction! This reaction forms ozone and is represented 
below: 

O2  +  O  =  O3 
 

 It is not surprising that this is exothermic since it appears to just involve formation of a bond: no 
bonds are broken. The presence of oxygen molecules is no surprise, but the presence of oxygen 
atoms is. These are formed from oxygen molecules that absorb some of the ultraviolet components 
of the solar radiation: 

O2  =  2 O. 
 

 In the above equation the O=O bond in the oxygen molecule is broken as a result of the 
absorption of a high energy (UV) photon of radiation. Since this radiation would otherwise reach 
the surface of the Earth we see here an example of how molecules in the atmosphere protect us 
from harmful radiation. 
 
 Another example is provided by the ozone molecule itself because it also can absorb UV radiation 
which is slightly lower in energy: 

O3  =  O + O2 
 

So this too stops some part of the UV radiation, and at the same time regenerates the oxygen 
atom and molecule from which the ozone molecule originally formed. So here we have a neat cycle 
of changes as summarised in the energy diagram below: 

 
Figure 6: The oxygen/ozone cycle 

 
  This cycle is initiated by the photodecomposition of one oxygen molecule and can go on forever 
in principle: the ozone is continually formed and decomposed. As it goes on it maintains a steady 
concentration of ozone in the stratosphere and, not surprisingly (since the solar radiation is coming 
from higher altitudes), the greatest exothermic contribution and highest temperatures are towards 
the high altitude part of the stratosphere. 
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Q 1.3.10 Ozone is a substance that can be produced in the laboratory by exposing oxygen 
to high energy UV light or an electric discharge. It is a strong oxidising agent. It 
can also be formed in the environment from photodecomposition of nitrogen 
dioxide, so its strong oxidising action can be let loose on us all! From your 
knowledge of nitrogen dioxide and the preceding discussion of reactions in the 
stratosphere, explain how  
(i) nitrogen dioxide could undergo photodecomposition even though there is 

virtually no UV radiation at the surface,  
(ii) how this photodecomposition could lead to ozone formation at ground 

level. 
  
 In the last decade the existence of a “hole in the ozone layer” has received much attention in the 
media. This description is rather misleading as a “layer” may sound like a thin shell of the 
atmosphere. The reference to a hole, also seems to fit the idea of a thin shell with a hole punched 
through it. In fact the stratosphere extends over 30 km and ozone can be found throughout this. 
Furthermore there is no hole; instead there is a reduction of the concentration of ozone in certain 
regions. It is true, however you describe it, that there is cause for concern if the ozone 
concentration decreases. This is because of the loss of some protection against UV radiation 
reaching the surface. 
 
 It is believed that CFCs play a role in this ozone depletion. CFC is an acronym for 
chlorofluorocarbon, and represents a family of organic substances such as CF2Cl2 and CHFCl2. 
These substances are very unreactive and have useful application as refrigeration liquids. There 
are inevitably leakages of these liquids, and in the open they vaporise, entering the troposphere. 
They rise rapidly to the top of the troposphere and slowly cross the tropopause into the 
stratosphere, all without any reaction. Here they may meet UV radiation and be decomposed to 
form free radicals and atoms: 
               

CHFCl2   CHFCl.  +    Cl. 
 
 These entities have single, unpaired electrons shown explicitly by the “.”. These can react with 
ozone molecules thus reducing their concentration in the stratosphere. 
 
 When scientists showed that this could be the cause, further use of CFCs was banned by 
international agreement. Consequently the ozone concentration is expected to gradually increase 
again. Another benefit of this decision is to the greenhouse effect, because CFC molecules can 
absorb terrestrial IR radiation.  
 
Q 1.3.11  Explain why in the photodecomposition of the CHFCl2 molecule it is most likely 

that a C-Cl bond breaks and a Cl atom forms. 
  
1.3.5. Beyond the Stratosphere 
 Solar radiation entering the Earth’s atmosphere at the top includes a lot of very high energy UV. 
This would cause a great deal of damage to living things if it were to reach the surface. Fortunately 
it does not because the molecules in the upper atmosphere absorb this radiation. The highest 
energy radiation causes ionisation of molecules (and atoms) that it meets as, for example: 
 

N2    N2
+  + e- 

 
 The density of the atmosphere above the stratosphere is very low, and this means that the 
concentration of molecules and atoms at these high altitudes is very low. Hence free ions and 
electrons can exist for long periods before they collide with each other or with other molecules. 
These charged entities constitute what is often called an ionosphere, a large region in the upper 
atmosphere which serves to reflect radio waves transmitted from the surface of the Earth. This 
helps to transmit the radio signals around the world, which would otherwise travel into outer space. 
   When a molecular ion and an electron meet and recombine there is a very large energy release 
which may cause the bond in the molecule to break, forming separate atoms. 
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1.3.6. The Interaction of the Atmosphere with the Hydrosphere 
 Some aspects of this have been dealt with previously under section 1.2.4. It is appropriate at this 
stage however to refer to the idea of “acid rain”. Both the precipitation of water (ie rain!) from the 
troposphere and the nature of some of the pollutants entering the troposphere have been 
discussed. From these discussions we can deduce that when rain falls in a troposphere which 
contains not only carbon dioxide, but also sulfur dioxide and nitrogen oxides, it is likely to be acidic 
(see sections 1.2.3 and 1.2.4). There has always been acid rain, because dissolving of carbon 
dioxide in water forms a weakly acidic aqueous solution. Hence water containing dissolved air, 
even if free of pollutants, is weakly acidic. But sulfur dioxide and nitrogen oxides form rather 
stronger acids. Acid rain of this type can have a very damaging effect on buildings, as well as 
agriculture. 
 
 Rain is not required in order to introduce these acidic oxides into surface water (lakes, rivers, 
seas). The gases can be directly absorbed and dissolved in the water, as the following activity 
shows. 
 

INDUSTRIAL POLLUTION (SULPHUR DIOXIDE) 

Use RADMASTE microscale equipment and the chemicals provided to carry out this activity on air 
pollution by sulphur dioxide. 
 
1. Place the microwell plate under a running water tap and fill all the small wells (wells A1 to 

D12) with water. 
2. Use an empty propette to suck up and then discard any water that may have got into the large 

wells. Use a paper towel to gently soak up any water between the small wells  
3. Use a propette to add one drop of universal indicator solution into each of the small wells filled 

with water. 
4. Using the spooned end of a plastic microspatula, add three spatulas of anhydrous sodium 

sulphite powder into well E3. Push lid 2 into well E3 in such a way that the vent is closest to 
the small wells and the tube connector is pointed away from the small wells. 

5. Seal the tube connector on lid 2 with a piece of plasticine (see the figure below).  

If there are any draughts in the room, the results of the experiment may be affected slightly. If you like, you 
can use a shallow container such as an empty cardboard box to prevent the effect of any draughts on the 
experiment. This is, however, not a necessity. 
6. Fill the syringe with 0,2 ml of 5.5 M hydrochloric acid. Hold the nozzle of the syringe just inside 

the vent in lid 2. Add all of the hydrochloric acid into well E3. Do not push the nozzle of the 
syringe all the way into the vent of lid 2, because the syringe will become stuck in the lid. Be 
careful not to drop any of the hydrochloric acid into the water. 

7. Wait about three to five minutes. While waiting, answer the following questions. 
 

Q 1  What is the colour and pH of the universal indicator solution at the beginning of the experiment ? 
Q 2  What happens to the colour of the universal indicator solution in the wells ? What is happening to the 

pH of this solution ? 
Q3  Explain your answer to Q2. using a chemical equation to represent the reaction that could be occurring.
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Q 4. After about 11⁄2 minutes of waiting, briefly lift the comboplate to the light and observe the colour of the 
aqueous solutions from underneath the comboplate. Does the colour of the aqueous solution change 
uniformly: 
a. across the surface area of the solution in each well, 
b. from top to bottom in each well ? 

Q 5. Suggest a reason for your answer to question 4. 
Q 6. Is the acidification of the solution the same throughout all the small wells of the comboplate ? Explain 

your answer. 
Q 7. In how many wells has the water been acidified ? (Answer this no longer than 5 minutes from the time 

you began the experiment.) 
Q 8. Would the number of wells showing water acidification be more or less if six microspatulas of sodium 

sulphite were added to well E3 instead of three, when the experiment began ? Explain your answer. 
Q 9. After counting the number of acidified wells, hold the comboplate to the light once again. 
Q10. How has the distribution of the acidification changed from the first time you viewed the wells from 

beneath the comboplate ? Explain your answer. 
Q11. Use your answer to question 6 to explain why industrial areas are often located far away from 

residential areas. 
Q12. Adult fish can often survive in acidic water, but their eggs are killed by acidic conditions. Use your 

answer to question 9 to predict the effects of acid rain on populations of living organisms, like fish, 
over a prolonged period of time. 

Q13. During this experiment, the solutions in the small wells were not disturbed in any way. Use your 
answer to question 9 to explain why acid rain can have devastating effects on ecosystems located far 
downstream from an industry, which is built near a turbulent river. 

Q14. If the vent on lid 2 were sealed with plasticine and the tube connector was left open instead, predict 
whether the extent of acidification would increase or decrease if the experiment was repeated? Give a 
reason for your prediction. 

 
 
1.3.7. The Interaction of the Atmosphere with the Lithosphere 
 Oxygen is a major component of the troposphere and it is a strong oxidant.  When it oxidises other 
substances it itself is reduced. The consequence is products which are oxides. Evidence of this 
can be seen in the composition of the solid crust part of the lithosphere (sections 1.1 and 1.2.5). In 
the oxygen molecules the oxidation state of the O atoms is 0 whilst in compounds like silica, SiO2, 
the oxidation state of these atoms is -2.  The fact that oxygen has a high electronegativity (second 
only to fluorine) means that almost anything can be oxidised.  Thus given the presence of a large 
proportion of oxygen in the troposphere ensures that almost everything on the surface is oxidised. 
For all these reasons too oxygen is the oxidant for all the fuels we combust. The fuels are unusual 
in that they are substances which are reducing agents, and so can undergo redox reactions with 
oxygen. 
 
1.3.8 The Interaction of the Atmosphere with the Biosphere 
 
 All living things require the oxygen of the troposphere for respiration. The oxygen is produced by 
photosynthesis in the leaves of plants. The plants take carbon dioxide from the troposphere for this 
purpose (see section 1.2.6). Tree planting is encouraged today with the intention of increasing the 
capacity of the biosphere to absorb carbon dioxide from the troposphere. 
 Nitrogen from the troposphere can be used only by certain plants which have specific bacteria, 
called nitrogen-fixing bacteria, around their roots or in the soil nearby. These bacteria use nitrogen 
in pockets of air in the soil to produce ammonia. They use as a catalyst the nitrogenase enzyme. 
The ammonia dissolves in water and thus joins other nutrients reaching the plants through their 
roots. 
 
 Other bacteria in the soil, called denitrifying bacteria, operate in poorly-aerated soils. They form 
nitrogen from nitrates in the soil, thus returning nitrogen to the troposphere. 
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1.4. The Lithosphere 
 
 The lithosphere is the name for all the solid parts of the Earth. This is not strictly everything under 
our feet because some or all of that is liquid, as the diagram shows: 
 

 We know most about the crust, the outermost layer of some 15-40 km thickness. Even the 
deepest mines only penetrate up to 3 or 4 km from the surface. At such depths the temperature of 
the rock is too hot to live with or work in, and miners have to work in refrigerated areas. It gets 
hotter the deeper one goes, all the way to the centre. The pressure also increases, which is why 
the inner core is believed to be solid even though it is hotter than the liquid outer core. 
 Clearly you could never hope to travel to the centre of the Earth, whereas you could hope to travel 
all the way through the atmosphere (a mere 100 km or so) to the edge or to outer space. 
 The crust of the lithosphere interacts with the other spheres. The biosphere depends upon it to 
support plants, which we depend upon for oxygen as well as food. This oxygen has influenced the 
composition of the crust, lacing it with oxygen atoms. We also build with its stones and rocks and 
take minerals and fossil fuels from it. Thus although the lithosphere might seem to be immobile and 
inert, it is nothing of the sort. 
 
 In this section we shall focus particularly on the mining and mineral processing activities with 
which we exploit the crust of the lithosphere. A mineral is a solid substance (maybe a mixture or a 
compound) of defined composition in the lithosphere. Mining means digging into the crust, either 
by scraping away from the surface (open-cast mining) or by drilling down from the surface and 
digging below ground (underground mining). The lithosphere is the one sphere that has some 
atoms of all the known elements, although it may be difficult to find some of them, such as atoms 
of the Noble Gases. So if you need something special, you need to dig! 
 
1.4.1 Resources and Reserves 
 
 The tables that show the atom percentages in the crust, describe averages. In fact the distribution 
of the different atoms is not at all uniform. Arising from the long and complex history of the Earth, 
specific atoms may be more concentrated in some areas and less concentrated in others. Of 
course the atoms are not free: they occur in molecules – often giant molecules – usually of 
compounds. So when we see some atoms listed as being present in a very small percentage (on 
average) then we might think that we will never find them. But this is not necessarily the case; we 
might find them concentrated in certain places. The existence of above-average concentrations of 
particular atoms, or the compounds that contain them, makes it possible for us to find them and 
make use of them. The rocks with the above-average concentration of a particular compound of 
interest are called ores. Where the concentration is high enough to make mining economically 
feasible, it is described as a resource. Where it is identified, but it is not economically feasible to 
mine, it is described as a reserve.  

Figure 7: Diagram of Earth's inner structure
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Reserves may become resources as a result of changes in prices that buyers will pay for them, or 
as a result of improvements in mining and mineral processing technology. 
 
Q 1.4.1 Design a diagram to show your understanding of the term ore and distinguish an 

ore that counts as a resource from an ore that counts as a reserve. 
 You can represent a tiny piece of the mineral concerned with a dot. 
 
 
 Mineral resources are non-renewable resources. If we remove some iron ore today, for example, 
we shall never find that new iron ore replaces it. In the biosphere, this need not be the case: for 
example if we take fruit from a tree in one year, there is a good chance that we can do so again in 
the following year. The fruit is then a renewable resource. 
 
Because mineral resources are non-renewable, there is sometimes a fear that we shall use some 
specific mineral up. Whether or not this is true, there may in any case be reasons to recycle. For 
example, lead ores are quite scarce and lead is expensive. Lead ores exist but often it is cheaper 
to recycle existing lead objects. Lead is used predominantly in car batteries, so it is relatively easy 
to get an old one back when you sell a new one. All these old batteries then go to one or more 
central factories that recover the lead from them and purify it for reuse. This is what recycling 
means: taking a product made from a particular natural resource and using it again after suitable 
purification. 
 
Q 1.4.2. Describe other examples of recycling that you have met with, and explain their 

commercial justification.  
  
 
1.4.2 SA Mineral Resources 
 
 South Africa has substantial mineral resources (and reserves) and derives a lot of its national 
income from selling them. The map below shows the location of some of the main mining activities 
in the country. Every province has something to dig for. The nature of the ore which is mined is 
indicated symbolically or otherwise (note that PGM is an acronym for platinum group metals). Only 
the major minerals or elements are specified, whereas in many cases a particular mine may 
produce a number of different minerals or metals, etc. 
 

Figure 8: Map of Mining and Mineral Processing in RSA.
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Q 1.4.3 Identify all the resources mined which are shown on the map.  
 
 
  In the following sections we focus on four of these resources as case studies. They are all of 
importance to industry and commerce for different reasons: gold, iron, phosphate and coal (and 
other fossil fuels). 
 
1.4.2.1 Gold: the beautiful metal 
 Although gold is a scarce element, it has been known from earliest times of human history, for 
example to the pharaohs of ancient Egypt. This is because it is one of the few metals to occur 
naturally as the element – not compounds. Gold does form compounds but not easily. It is 
unreactive and for this reason is still highly regarded as an asset of wealth: it can be stored for ever 
without fear of corrosion. When it was found by accident in ancient times, it would have been kept 
for its beautiful appearance. 
 
 In those early times, small pieces of gold could be found in this way, but the quantity of gold to be 
found at the surface in such visible form was always very limited. Gold mining thus also started 
early in history. Today the search is much harder. It is no longer possible to find pieces of gold big 
enough to pick out of the surrounding rock. What can be found is tiny specks of gold dispersed in a 
large mass of rock. This is still a gold ore (that is rock with an above-average concentration of 
gold), but the concentration of gold is very low (say 0,01% by mass). 
 
 To take the gold out of such an ore, pieces of the ore are first obtained by drilling and blasting the 
ore. These pieces are taken out of the mine, crushed and ground to a fine powder. This uses a lot 
of energy but is essential in order to liberate the specks of gold from the surrounding rock. The 
powdered ore is then treated with sodium cyanide solution and oxygen in order to dissolve the gold 
by chemical reaction: 
 

8 NaCN(aq) + 4 Au(s) + O2(g) + 2 H2O(l)  =  4 NaAu(CN)2(aq)  + 4 NaOH(aq) 
 
 The gold compound in solution is sodium aurocyanide and the solution contains the sodium and 
aurocyanide, Au(CN)2

-, ions. The rest of the powdered ore, which did not dissolve, is filtered off. 
 To obtain the gold, the sodium aurocyanide solution is treated with a reducing agent. This used to 
be zinc, but now it is often specially activated carbon. The chemical specification of the reduction 
with carbon is not yet clarified, so the following equation refers to the zinc reduction: 
 

2 NaAu(CN)2(aq)  +  Zn(s)  =  Zn(CN)2(aq)  +  2 Au(s)  +  2 NaCN(aq) 
 
Q 1.4.4 Show by using oxidation numbers that both the reactions involved in obtaining 

the gold from its ore are redox reactions. 
 
 The above reactions together show how starting with gold we first dissolve it and then get it back 
again. This may seem a round-about way of extracting gold, but starting with such tiny specks of 
gold this is the only way. 
 
 The following activity allows us to simulate the process at low cost, using copper instead of gold. 
Copper is in the same group (11) as gold and is also attractively coloured. It is however much more 
abundant and cheaper. Partly for reasons of safety we avoid using the poisonous sodium cyanide 
and instead use ammonia. This plays an equivalent role to the cyanide ions, in that the ammonia 
molecules bond to the copper ion and stabilize it in aqueous solution. Finally in order to augment 
the concentration of oxygen in solution (pressurized oxygen is used industrially) we add some 
hydrogen peroxide (which decomposes quickly in the solution, forming oxygen). 
 
Q 1.4.5 Draw a Lewis diagram of (a) an ammonia molecule and (b) a cyanide ion. What 

do these two entities have in common that makes it possible to replace the 
cyanide ions used industrially with the ammonia molecules used in the 
classroom experiment?  
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Q 1.4.6 When copper dissolves in the aqueous ammonia solution the copper atoms of 

the metal finish up as tetra-ammino copper(II) ions, (Cu( NH3)4
2+), in the aqueous 

solution. Write a balanced chemical equation for the reaction, assuming that 
oxygen molecules are one of the reactants. 

 
  Because the percentage of gold in the ore is so small the quantity of waste from the gold mining 
and mineral processing is relatively very large. The mine dumps created by gold mining are a very 
prominent reminder of this. In the recent past new attention has been focused on the oldest of 
these, because they still contain an extremely small percentage of gold. Modern technology (as 
described above) is able to extract most of this and, because the dump is already mined and 
milled, it is inexpensive to reprocess the dump.  
 
 In the end a new dump is created and the mining companies try to grow grass and other 
vegetation over it in order to make it more attractive and to reduce the dust blown from it during 
windy, dry weather. 
 
1.4.2.2 Iron: the construction metal 
 
Apart from being a metal like gold, iron could not be more different from our first example. Iron is 
relatively abundant in the crust of the lithosphere, and never occurs as the element – only as iron 
compounds. For the latter reason it was discovered much later in history than gold. It is a fairly 
reactive metal and relatively inexpensive.  Because of these facts, and because the metal is 
strong, iron has become the construction metal – everything from bridges to motor vehicles to 
refrigerators is based upon iron. In modern times, it is inconceivable that we could continue life as 
we know it without iron. By contrast, we may lust after gold but we can do without it. 
 
 Mining iron ore is very different from mining gold ore. The concentration of iron in a typical ore 
may be as much as 40%, and resources are most often mined by open-cast methods. These are 
inherently cheaper and suited to large volume mining. The iron compounds or minerals that are 
obtained are usually a number of different iron oxides (FeO, Fe2O3, Fe3O4, for example). The iron 
is obtained from these by reduction with coal (coke) in a blast furnace.  

 Activity 1: Extracting gold from rocks: an analogy using copper. 
 
1. Mix a little copper powder with sand in well F1 of the comboplate.  
2. Use the syringe to add 2 ml of 2 M ammonia solution to the mixture. Stir and 

observe. 
3. Use a propette to add about 10 drops of 15% hydrogen peroxide solution to the 

mixture in well F1. Observe and record what happens. 
4. Explain your observations. 
5. Save the reaction mixture for the following Activity (2). 
 
Activity 2: Getting gold from solution: an analogy using copper. 
 
In this activity we shall continue the copper analogy. We shall use the copper-
containing solution obtained in the previous activity and we shall use zinc. 
1. Using a propette, carefully suck up as much of the solution in well F1 as 

possible. Dispense the solution into well F3. 
2. Add 2 microspatulas of zinc powder to the solution in well F3 and stir. Observe 

until you think no further change is taking place. Record your observations and 
discuss their explanation. 
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The diagram below shows how the blast furnace operates. 
 

 
 The coke used in the furnace is produced from coal by prior heating in the absence of air. It is a 
hard and porous form of coal. The combustion of the coke is very exothermic and generates very 
high temperatures at the bottom of the furnace. It also produces a mixture of carbon monoxide and 
carbon dioxide, which rise up the tower of the furnace. 
 
 As the diagram implies the reduction of the iron ore is achieved by carbon monoxide, rather than 
the coal itself, eg: 
 

FeO(s)  + CO(g)  =  Fe(l)  +  CO2(g) 
 
The equation shows the iron (mp 1 5350C) produced as a liquid, which is the reality at the 
operating temperature in the blast furnace. The molten iron falls to the bottom of the furnace (being 
of high density), whence it is drawn off from time to time to cool and solidify. 
 
Q 1.4.7 The equation above represented the reduction of one iron oxide (FeO) by carbon 

monoxide. Write equivalent equations for the two other iron oxides previously 
mentioned. 

 
 A further stage of processing is required in order to make steels of different types. These may 
require the addition of chromium or manganese for example. 
 
 Unfortunately, unlike gold, iron is attacked by oxygen, and slowly reverts back to iron oxides: we 
see this in the familiar rusting of iron objects. The equation representing this is: 
 

4 Fe(s)  +  3 O2(g)  + x H2O(l)  =  2 Fe2O3.xH2O(s) 
 
 The use of “x” in the above equation indicates that the proportion of water in the hydrated iron 
oxide (rust) is variable. Rusting of the iron can be slowed by painting it or by covering it with oil, but 
eventually the great oxidizer, oxygen, gets in and the iron rusts. 

Fig 9: a blast furnace
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1.4.2.3 Phosphates: promoting agriculture 
 
 Plants need water, carbon dioxide and sunlight (visible solar radiation) to grow. These are the 
ingredients for photosynthesis in the leaves, which leads to carbohydrate synthesis for the plant. 
But plants are not composed solely of C, H and O atoms; nor are they able to live exclusively off 
what the atmosphere supplies. The other types of atoms they need they must obtain through their 
roots in the soil. The most important (quantitatively) amongst these other types of atoms are those 
described as macronutrients: N, P and K atoms. There is also a variety of other atoms needed in 
smaller quantities, the secondary (Ca, Mg and S) and micronutrients (B, Cu, Fe, Mn, Zn, Mo and 
Cl). 
 
 All these nutrients reach the plant roots in aqueous solution through the soil. Of course, they are 
not delivered as free atoms, but as hydrated cations and anions that may be polyatomic. These 
ions would usually have been formed by the dissolving of minerals in the environment near to the 
plant. Without the dissolving the relevant atoms will not reach the plant roots. 
 
Q 1.4.8 Thirteen different atoms are mentioned above as nutrients that have to reach the 

roots of plants by movement as ions in the soil water. Suggest formulae and give 
the names for ions containing each of these 13 atoms. In the more common 
cases you may know more than one ion containing a particular atom; give more 
than one if you know it. 

  
 This point has special relevance to the supply of P atoms, because the most abundant mineral 
containing P atoms is calcium phosphate, Ca3(PO4)2. The mineral is known as apatite, and as with 
many minerals, there are other closely related minerals such as fluorapatite, Ca5F(PO4)3, which 
may occur with it in the ore. The calcium phosphate ores exist in many parts of the world, including 
South Africa. However, they are not useful to plants because they are almost completely insoluble 
in water. Plants grown in soils enriched by apatite may die through lack of P atoms! 
 This problem is overcome in the fertilizer industry by reacting the calcium phosphate with sulfuric 
acid: 
 

Ca3(PO4)2(s)  + 2 H2SO4(aq)  =  Ca(H2PO4)2(aq)  + 2 CaSO4(s) 
 
 When the water is evaporated from the reaction mixture, the remaining solid mixture is sold as 
“superphosphate”. The calcium dihydrogenphosphate is more water-soluble than the calcium 
phosphate and is therefore an effective source of the P atoms that plants need. The calcium 
sulfate is not so useful for plants but does no harm. 
 
Q 1.4.9 The reaction represented above is a hydron-transfer reaction.  Show that this is 

true by identifying the hydron donors and acceptors and writing equations to 
show their relationship. 

  
  A more concentrated source of phosphorus is obtained when calcium phosphate is reacted with 
phosphoric acid (itself manufactured from calcium phosphate) instead of sulfuric acid: 

 
Ca3(PO4)2(s)  +  4 H3PO4(aq)  =  3 Ca(H2PO4)2(aq) 

 
 After evaporation, the solid product is sold in the agrochemicals market as “triple 
superphosphate”. It is in fact fairly pure calcium dihydrogenphosphate. 
 
 Farmers use these superphosphates as fertilizers to stimulate growth of crops. They may be used 
as such or else used mixed with other sources of macronutrients. A popular mixture for example is 
the NPK fertilizers, where all three macronutrients are included in varying proportions according to 
the needs of the soil. Soils should be tested for their nutrients before application of fertilizers, 
otherwise the crops may not receive what they need or there may be oversupply of some nutrients. 
Ignorant farmers have in the past sometimes applied more fertilizer than is required.  
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An outcome of this has been “run-off” of the fertilizer into the rivers and dams. This pollutes the 
water system in various ways. For example, excess phosphates in the water, stimulate the growth 
of algae and plants such as water hyacinth. The water system may become choked with plants, 
which then die off. As this happens the concentration of dissolved oxygen is reduced so that fishes 
die. The term eutrophication describes this decay of the natural water system resulting from run-off 
of nutrients. Once again therefore, scientific testing of the soil and of the surrounding water system 
is needed to ensure that the application of fertilizers is entirely beneficial. 
 
 The following test for phosphate in water illustrates the kind of procedure used. 
 

 
It should be noted that phosphates are often included in detergent mixtures too, and the excessive 
use of this type of detergent contributes to undesirably high concentrations of phosphate in the 
water system. Municipal water treatment generally includes processes to reduce the phosphate 
concentration from such domestic sources. 
 
 
1.4.2.4 Coal and other fossils: fossil fuels keep us going 
 
 Coal is an important resource in South Africa, being mined, used locally and exported on a very 
large scale. This remarkable mineral is an example of a fossil fuel (others are natural gas and 
petroleum). It is referred to as a fossil, because it is known to be derived from organic plant 
material of many millions of years ago. Dead plant material overlaid with soil and rocks, gradually 
changes its composition. It may have started out as predominantly a carbohydrate material, -
(CH2O)n-, but over millions of years, under these anaerobic conditions, became closer and closer 
to carbon, Cn. Of course plant material is not solely carbohydrate: as we know other nutrients are 
taken in by plants and these are incorporated in a variety of organic molecules with specialized 
functions. The relevant atoms from these nutrients (macro, secondary and micro) thus also may be 
found in the coal. A typical coal molecular structure is shown on the following page. 
 
 

Activity 3: Testing water samples for the presence of phosphates. 
 
 Several different test procedures are used by water scientists. The following one is 
simple to do and gives a positive result if the phosphate concentration exceeds 2,4 mg/l. 
The phosphate ions which may be found in water are HPO42- or H2PO4- . 
 
1. Use the syringe to put 0,5 ml 0,0001 M Na2HPO4 solution into well F1. 
2. Rinse the syringe and use it to add 0,3 ml 2 M nitric acid to the solution in F1. 
3. Rinse the syringe again and use it to add 1,5 ml ammonium molybdate reagent to the 

mixture in F1. A yellow precipitate should form indicating the presence of phosphate 
ions. 

4. Test water samples you collect, or as provided, by the same procedure.  
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The molecular structure shown above indicates a typical case. Different coals from different 
sources will differ in the details but would be recognizable in terms of this example. Typical coals 
have a 1:1 ratio of C:H approximately. The most highly valued coals (“high rank”) have the greatest 
percentage of carbon. They are high density, hard and shiny coals. The lower ranked coals have 
lesser percentages of carbon, maybe as low as 50% by mass. In addition to this ranking variety, 
there are also variations due to the proportion of other minerals and rocks mixed up with the coal 
where it is mined. Usually most of this incombustible material has to be separated from the coal 
before it can be used. 
 
Q 1.4.9 The black colour of coal is well known. On the basis of the molecular structure 

shown above explain why this black colour is to be expected. 
 
 The ranking of coals is related to their principal use, which is primarily as fuels. Combustion of 
coals produces carbon dioxide (and carbon monoxide if there is an inadequate supply of oxygen) 
and is very exothermic. The higher the rank of a coal the more exothermic the combustion. The 
other types of atoms in a coal are also involved, of course, and they all finish up bonded with 
oxygen atoms: H atoms become H2O molecules, S atoms become SO2 molecules, and N atoms 
become NO2 molecules, for example. It demonstrates vividly what happens when that great 
oxidizer, oxygen, gets a free hand with a variety of atoms! Anyone who has watched a forest fire 
knows that once the activation energy is there, you need to keep out of the way! 
 
Q 1.4.10 On the basis of the molecular structure of coal given earlier, determine how 

many molecules of each of the different possible products of combustion 
(complete) may be expected from this one molecule of coal. How many 
molecules of oxygen would be required for this complete combustion?  

 
 The significance of the reference to activation energy should not be missed. Many substances can 
react exothermically with oxygen, but if the reactions require very little activation energy then the 
substances cannot be used as fuels. For practical reasons, fuels must not only burn very 
exothermically but also they must have a reasonably large activation energy. If this condition is not 
satisfied then the substance will react too easily with the oxygen; it will be a really hazardous 
substance! 
 
 There are other fuels besides coal that have similar characteristics even if they look very different. 
For example, both natural gas and petroleum (a viscous liquid) burn very exothermically, but have 
an activation energy that makes them practically useful fuels. These are also fossil fuels, since 
they are also degradation products from plant materials of millions of years ago. Physically they 
differ from coal of course, and indeed their composition is very different. Natural gas comprises 
methane principally, but with small percentages of ethane, propane and butane.  

Fig 10: diagram showing a fragment of the molecular structure of coal  
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Petroleum is a very complex mixture of hydrocarbons, the molecules being mostly larger than 
butane. They are primarily alkanes and cycloalkanes, but other hydrocarbons (eg alkenes, 
aromatics) are also present. The composition of the mixture varies from source to source. In both 
cases (natural gas and petroleum) the ratio of C:H is about 1:2. 
 
 Coal is mined both by open cast and underground operations. Natural gas and petroleum are 
obtained by drilling into underground reservoirs which may have both gas and liquid. There may be 
pressure that pushes out the gas and/or liquid, or else pumping may be needed. This can be done 
even when the drilling must be done into the sea bed, as it has to be in South Africa and in 
Mozambique. It would be unthinkable to mine coal under the sea! 
 
 Although petroleum sounds like petrol (which we get at a filling station), a great deal of processing 
lies between the two. To make any use of natural petroleum, the essential first step in processing 
is fractional distillation. This produces fractions with different boiling point ranges, which also 
correspond to different molecular size ranges.  
 
The table below summarises some of the characteristics and applications of the main fractions: 
 

Fraction Molecular size 
range 

Bp range (oC) Uses 

Gas C1 - C5 -160 to 30 Gaseous fuel, 
production of H2 

Gasoline C5 - C12 30 to 200 Motor fuel 
Kerosene, fuel oil C12 - C18 180 to 400 Diesel fuel, furnace 

fuel, cracking 
Lubricants C16 upwards 350 and upwards Lubricants 
Paraffins C20 upwards Low mp solids Candles, matches 
Asphalt C36 Gummy residues Surfacing roads, 

fuel 
 
 
Q 1.4.11 Explain why the fractions of different boiling point ranges are also fractions with 

different molecular size ranges. How is this situation influenced by the 
occurrence of both straight and branched chain isomers? 

 
Because the quantities of the different fractions do not match with the demands of the market, 
some fractions are treated further. For example the demand for “petrol” for motor vehicles is 
relatively much greater than the demand for other applications. Hence, there are processes that 
convert some less popular fractions into the more popular gasoline fraction. The most important 
type of process for this purpose is “cracking”, a process in which larger hydrocarbon molecules are 
broken down into smaller ones. For example: 
 

C20H42(g)  =  C12H24 (g)  +  C8H18(g) 
 

Q 1.4.12 Three different molecular formulae are shown in the above equation. Which ones 
represent molecules of alkanes and which molecules of alkenes? How did you 
decide? 
Write a similar equation to represent the cracking of cetane, C16H34, and again 
identify the alkanes and alkenes you have represented. 

 
All the hydrocarbons represented in the above example equation are shown in the gaseous state 
because the cracking process is a high temperature gas phase one, which may also be catalysed.  
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The cracking of a distillation fraction starts with a mixture of hydrocarbons (but all larger molecules) 
and finishes also with a mixture of hydrocarbons (but all smaller molecules). At no stage is there a 
single pure substance. The above specific example equation is but one of hundreds of variants of 
this type of reaction, all taking place in the “cat-cracker” at the same time. Once again the product 
mixture needs fractional distillation to obtain the fractions required. The temperature of the cracking 
process influences the product distribution, the higher the temperature the greater the proportion of 
small molecules in the product mixture. 
 
 Another process, designed to increase the performance of the petrol produced, does so by 
isomerisation. In petrol engines, alkane molecules with a straight chain are less satisfactory than 
those with a branched chain. The aim of the isomerisation process is to change straight chain 
alkane molecules into branched chain ones, eg 

 
Figure 11: Projection formulae of octane and iso-octane 

 
The octane rating of petrols is used to rank the performance of different petrol mixtures. Pure iso-
octane is given the value of 100, and other fuels are compared with that. Commonly today in South 
Africa, petrols have octane ratings a little less than 100. 
 
Q 1.4.13 Give the systematic name for iso-octane.  When the process is described as 

isomerisation, what kind of isomers are referred to – structural, geometric, 
optical? 

 
 Diesel engines operate better with straight chain alkanes. Here too a ranking scale has been 
established, with cetane, C16H34, being the reference standard.  
 As noted previously, the combustion of fossil fuels is our principal source of energy today. These 
resources are non-renewable and their combustion produces a great deal of carbon dioxide in the 
atmosphere. There is an urgent need to escape from this situation. Not only is the production of 
carbon dioxide causing global warming and climate change, but the coal and the natural gas and 
petroleum are valuable for other purposes than combustion. For example, some coals are 
irreplaceable for metallurgical applications, like the production of iron from iron ore. And 
hydrocarbons from petroleum can better be used for production of synthetic polymers and a variety 
of other organic products. 
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LEARNING OUTCOMES 
 
After completing this Chapter you should be able to: 
 
* describe in general terms, how the chemical industry helps to meet the human needs for food, 

clothing, shelter and transport 
* give examples of chemical industry products in food, clothing, shelter and transport 
* list many categories of products of the chemical industry 
* list three general factors affecting how we can convert resources into useful products and 

explain their significance 
* give examples of how chemical industry uses different types of chemical reactions 
* describe and give examples of the sources of atoms that may be found in the different Earth’s 

spheres 
* describe how chemists produce synthesis gas from coal as well as from natural gas 
* explain why synthesis gas is important, by referring to the Fischer-Tropsch process and other 

processes where we make use of synthesis gas 
* describe the main features of the addition polymerization of alkenes by a chain mechanism 
* use the principles of chemical structure and chemical reaction to interpret given industrial 

chemical processes  
* describe and explain what happens during the electrolysis of brine 
* describe the saponification of fats 
* use standard reduction potentials to explain the conditions and outcomes of the electrolysis of 

brine 
* describe how the chlorination of hydrocarbons leads to the production of monomers, 

insecticides and other chemicals 
* state the uses of chlorine in water treatment and bleaching 
* use the principles of chemical structure and chemical reaction to interpret given industrial 

chemical processes 
* name the macronutrients in the fertilizers that the chemical industry manufactures 
* describe and explain the processes that take place in the synthesis of ammonia 
* describe how the chemical industry manufactures nitric acid from ammonia 
* give examples of the explosives that we can derive from nitric acid 
* distinguish between cells and batteries 
* explain what we mean by a fuel cell and why such cells are important 
* describe examples of primary and secondary cells and how they work 
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2.1 Introduction 
 
 The Earth’s spheres are natural chemical systems that interact with each other and with us. The 
chemical industry is also a chemical system, but it is not natural: it has been developed, 
maintained and continually modified by human effort. These human efforts have required the 
application of basic chemical principles to meeting human needs for food, clothing, shelter and 
transport. The efforts are guided and limited by the natural resources available in our environment, 
as well as the financial resources available. Thus the chemical industry provides the “chemical 
connection” between human needs and the natural resources available. Today the human 
population on Earth is very large (6,8 thousand million approximately) and continues to increase, 
making this chemical connection more and more vital with each passing year. Today the fact is that 
without the continuing vitality of this industry the existing population cannot survive. Today, more 
than ever, the World needs young people to take an interest in this vital chemical enterprise. 
 
 In order to learn about the chemical industry we shall first review in a general way the nature of 
this industry. Then we shall undertake Case Studies of three industries which are important in 
South Africa as well as in other countries with chemical industries. These Case Studies will be of 
SASOL, the chloralkali industry and the fertilizer industry. We shall also undertake a Case Study of 
Electrochemistry in industry. 
 
2.2 Resources, Needs and the Chemical Connection 
 
 From the perspective of a chemist, the “chemical connection” made by the chemical industry 
depends upon chemical reactions. In these reactions the desired products are substances that 
help to meet our needs. The reactants are the natural resources that may be found in one or other 
of the Earth’s spheres. These resources must contain the atoms required to produce the 
substances we want. For example, as we saw in Part 2, to produce nitric acid (required for nitrate 
fertilizers and food production), we need resources which have the nitrogen, oxygen and hydrogen 
atoms that a molecule of nitric acid, HNO3, comprises. The natural resources most convenient for 
this are nitrogen, N2, and oxygen, O2, in the atmosphere, and water, H2O, in the hydrosphere. 
Chemical industry makes the chemical connection (using chemical reactions) between the 
resources and the desired product. 
 
Q 2.1 Write balanced chemical equations to represent the reactions by 

which nitric acid can be produced starting with nitrogen, oxygen and 
water. Why is nitric acid itself not a natural resource? 

 
 In the following sections we review each of these parts in the vital sequence: 
human needs, the chemical connection, the resources. 
 
2.2.1 Human Needs 
 
2.2.1.1 Food 

 The five essential nutrient groups are proteins, 
carbohydrates, vitamins, minerals, oils and fats. 
Almost all of these are obtained from agricultural 
products and chemical industry supports this by 
manufacturing fertilizers, pesticides and herbicides. 
Centuries ago there was sufficient arable land to 
support the much smaller human population of those 
times entirely by natural means. Today that is no 
longer the case, and it is only by artificially increasing 
the supply of plant nutrients (using fertilizers) and 
protecting crops against destructive insects (using 
insecticides) and competitive weeds (using 
herbicides), that we can sustain the current human 
population. The five essential food 

groups 

Fertilizers in 
these products 

support 
agriculture 
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Q 2.2 Make a visit to a farmer’s or gardener’s supplies store, and make notes on the 
products that are available to support agriculture and horticulture.  Make a list of the 
active ingredients in each product. Try to suggest the natural resources from which 
these ingredients might be made. 

 
Food produced by farmers must also be transported and preserved against spoilage. Today many 
people live in towns and cities far from the farms which produce their food. To preserve food, 
refrigeration can help because the spoilage of food is a chemical process, the rate of which 
decreases with decreasing temperature. Packaging food in plastics of various kinds also greatly 
extends the lifetime of food, protecting it from physical damage, contamination, insects, oxygen, 
etc.  
 
Certain substances may be added to foodstuffs to inhibit decay; frequently these are antioxidants. 

Antioxidants are substances that reduce the rate of reaction of the food with oxidizing agents 
(principally oxygen), usually by inhibiting a chain reaction initiated by reaction of oxygen with a food 
component. These antioxidants have to be carefully tested to make sure they are safe for us to eat, 
because usually they will be mixed in with the food we eat. 
 
Q 2.3 Make a visit to a grocery store or supermarket and look for examples on the 

packages or tins of substances described as antioxidants. List the names of such 
substances which you find. Note that fresh produce, such as vegetables and fruit, 
usually is not treated with such substances, but sometimes boxes of grapes have 
been.   

 
 In summary we see that chemical industry does not synthesise food, but supports food production 
at every step of the way between the rural farmer and the urban consumer. Without this, the 
current human population could not survive. 
 
2.2.1.2 Clothing 

 Even 150 years ago the entire 
human population was clothed 
exclusively with materials made 
from natural sources. The natural 
fibres, used by weaving, knitting, 
etc into clothing materials, came 
from both animal (eg wool from 
sheep) and plant (eg cotton from 
cotton plants) sources.  
 
 
 

Vitamin E is added to some foodstuffs because of its antioxidant properties 

The cotton plant (right) is processed into cotton (left) 
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Today these natural resources from 
the biosphere continue to be used, 
but they are insufficient for the 
World’s population. The predominant 
fibres used for clothing today are 
synthetic: manufactured by the 
chemical industry from non-
biological resources. The fibres are 
made from synthetic organic 
macromolecules, such as 
polyamides and polyesters. They are 
usually cheaper than the natural 
fibres. 
 

 Clothing material has for centuries been dyed for decorative 
purposes and during the last few decades has sometimes 
been treated for such things as water-repellency, dirt 
repellency, and crease resistance. These treatments all use 
substances manufactured by the chemical industry and the 
technology has been developed where necessary to 
accommodate both natural and synthetic fibre materials. In 
many cases the treatments do not involve a chemical 
reaction with the fibre (or more exactly the organic 
macromolecule it is made from); instead they involve 
intermolecular interactions. 

 
 An important aspect of clothing is the maintenance by cleaning. This requires soap and detergents 
or, in the case of dry cleaning, organic solvents such as trichloroethene and tetrachloroethene. 
 
Q 2.4 (a) What type of change is involved in cleaning clothes; is it a physical or 

chemical change? Should we explain cleaning in terms of intermolecular or 
intramolecular forces?  

(b) Describe how water and soap/detergent can clean clothing in a laundry. Draw 
a projection formula of a typical soap or detergent molecule.  

(c) What is different about dry cleaning? Draw projection formulae of 
trichloroethene and tetrachloroethene molecules. Could trichloroethene be 
used with water and/or soap? Could soap and water be used in dry cleaning? 
Explain your answers. 

  
In conclusion, chemical industry synthesizes the majority of the fibres we use today for our clothing 
and supports the production of the natural fibres by agriculture (as we saw for food production). In 
addition a great variety of treatments of both natural and synthetic fibres, designed to improve their 
characteristics, result from the manufacture of specific substances by the chemical industry. 
Chemical industry also manufactures all the cleaning materials we use for our clothes.  
 
2.2.1.3 Shelter 
 Natural resources used to be the sole ones used to build human shelter (housing). The materials 
were mostly wood, stone and bricks and tiles made from clay. Metal nails (iron) and water pipes 
(lead, copper) supplemented the basic materials of construction. With the introduction of electricity, 
metal wiring (traditionally copper, but now increasingly, aluminium) became widespread in 
developed communities. All these traditional materials continue to be used, but once again they 
have been augmented by newer materials such as cement, concrete and plastics. These are 
basically chemical industry products.  
 

Nylon (left) is a synthetic polymer (a polyamide) used to make 
several clothing items, such as pantyhose. 

This compound, commonly called 
yellow azo dye, is a typical azo 

compound containing the R-N=N-R’ 
functional group 
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 Cement used in building is made by high temperature (>1 5000C) 
reaction between limestone, CaCO3, and clay (a type of 
aluminosilicate). At the high temperature used, calcium carbonate 
decomposes into calcium oxide and carbon dioxide, and the calcium 
oxide reacts with the clay (forming a complex mixture of calcium 
silicate and calcium aluminate). On cooling the solid product is 
crushed to a fine powder and mixed with powdered gypsum 
(CaSO4.2H2O). The resultant cement is not a pure substance, but a 
mixture. It reacts exothermically with water, forming a mixed 
crystalline product. If sand and stone is added to the cement with the 
water, the product is concrete. 
 
 
Q 2.5 Write balanced chemical equations to represent the high temperature reactions 

involved in forming cement. Hint: For simplicity regard the clay as a source of silicon 
dioxide and aluminium oxide (Al2O3). The formula of sodium aluminate is NaAlO2 
whilst that of sodium silicate is Na2SiO3. 

 
 Cement and concrete are the modern-day replacements for stone; they are easier to transport and 
to use in building and do not require skilled stonemasons. 
 
 Commonly the finished housing is painted, partly to provide some protection to the finished 
surfaces and partly to beautify it. Paints vary in composition but they are liquid heterogeneous 
mixtures of organic and inorganic substances. The colour usually is due to the presence of very 
fine solid particles of inorganic substances such as iron(III) oxide (red and yellow), chromium(III) 
oxide (green), and titanium(IV) oxide (white). They are referred to as pigments, not dyes. They may 
be obtained by suitable treatment of different minerals. 
 
Q 2.6  Write formulae to represent each of the metal oxides named above. What are the 

Roman numbers in brackets referring to? Suggest an alternative systematic name 
for each of the substances. What groups of the Periodic Table do each of the metal 
atoms belong to?  

 
Synthetic organic macromolecules are the principal ingredients of the 
plastics now commonly used for pipes, furnishings, waterproofing, 
insulation, etc. 
 
In conclusion, the exclusive use of natural materials for housing, has 
been superseded by predominant use of processed natural materials 
and synthetic materials. These materials are products of the chemical 
and allied industries. There is no longer sufficient wood to depend on 
this traditional material, whilst building with stone is too costly, slow 
and inconvenient for the scale of building we now require. 
 
 
 

 
 
2.2.1.4 Transport 
 
 Over the past centuries, transport has become a more and more important human need. This has 
been part of the global urbanization trend which has gained such momentum in the last 100 years. 
For many people, transport is essential for survival: they cannot earn a living without it. 
Furthermore, living in a city means that without transport you will not be supplied with food from the 
country.  
 

Thermal insulation is 
made of a glass polymer 

(fibreglass) 

Cement and sand mix to 
form concrete 
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 Transport is a substantial user of energy; at present the principal 
energy source is combustion of fossil fuels. This is true even with 
electric trains since the electricity (in South Africa and most other 
countries) is mostly derived from power stations where fossil 
fuels are burned. Road vehicles (as well as planes and ships!) 
use petrol and diesel fuels, both products of the petrochemical 
industry. 
 
 
Q 2.7 Write a projection formula of a typical molecule in 

petrol and in diesel. Write a balanced chemical 
equation to represent the combustion of a fuel 
comprising these molecules. Which fuel transfers 
more energy (a) per mole, and (b) per kg, on 
combustion? Hint: an approximate answer will be 
adequate, but an explanation is required. 

 
 The road vehicles themselves today are complex technological products built from a variety of 
metals and plastics, and protected and beautified with special paints. There is nothing natural 
about a modern road vehicle! A variety of minerals as well as natural petroleum has been exploited 
and subjected to a variety of chemical reactions to make it. 
 
 
2.2.2 The Chemical Connection 
 
2.2.2.1 The Chemical Plant 
 
 A chemical plant is a manufacturing facility where chemical reactions are carried out to make 
saleable products. They vary in size from ones with a production capacity of a few kilograms to 
hundreds of thousands of kilograms per annum. It is obvious that the chemical principles they use 
are the same as we use in a laboratory. The laws of Nature do not change as we go from 
milligrams to kilograms. But in addition to these obvious truths, chemical plants have some 
particular operational choices we should take note of. The choices are made on the basis of the 
overall costs and the objective of maximizing profit when everything is taken into account. 
 
1. The cost of the resources it uses 

The chemical plant must be profitable. So an important consideration is the cost of the 
resources it uses. The cost of a resource to a plant depends upon its scarcity and its 
concentration, as well as upon its distance from the plant. Choosing as a resource something 
that is scarce is a bad idea because it is probably expensive. Similarly choosing a resource that 
is available in low concentration is a bad idea because a lot of material must be processed for 
little actual production. There is, for example, a lot of gold in the oceans, but it is not 
economically viable to process the oceans for this gold – the concentration is extremely small. 
Also, since we know that both the rate and extent of a reaction are influenced by the 
concentration of reactants, the whole process may be adversely affected by using a reactant in 
low concentration. 
 

2. The location of the plant 
The location of a plant is important first of all, because of 
transport costs for the resources it takes in and the 
products it sends out to customers. In addition the plant 
needs water (as reactant, solvent, cooling liquid, etc) and 
needs to be able to control emission of pollutants and 
waste products, in accordance with national standards. 
The plant location may influence the costs of these. Land 
is usually more costly in and around big cities, so a 
chemical plant is unlikely to be found in the city centre! 

A chemical plant situated in 
Newcastle, Kwa Zulu Natal

The Eskom Komati Power 
Station is coal-powered
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However, if the plant is too remote, it may be difficult to find the skilled employees the plant 
requires. 
 

3. The processes used in the plant 
A lot of choices have to be made before starting up a new chemical plant to manufacture a 
specific product. This specific product might be formed from a number of different possible 
resources. Choosing the process depends upon minimizing the overall cost. Processes that 
require the use of a lot of energy (for example, high temperatures and high pressures) are 
avoided if possible. But if they permit a very cheap resource to be used, then they could be the 
best choice.  
Sometimes the possibility to produce saleable side-products makes a particular process the 
best choice. Sometimes the cost of emission controls may be the deciding factor - some 
processes are more polluting than others. 

 
 
2.2.2.2 Types of Reactions and Reactants 
 
 The designers of chemical plants have at their disposal a variety of types of reaction: redox, acid-
base, substitution, addition and elimination are some of the more common ones. Which ones may 
be suitable to manufacture a particular product depends not only on the type of substance it is, but 
also on the types of resources available. Some simple examples will help clarify the point. 
 
Example 1: Objective is to manufacture poly(ethene) in order to produce plastics articles.  
 

This material can be formed from ethene by a 
polymerization reaction (a particular type of addition 
reaction). Ethene must be manufactured, as it is not a 
natural resource. Given its unsaturated hydrocarbon 
character, the obvious natural resource is natural petroleum, 
which is a mixture of saturated hydrocarbons. Hence an 
elimination reaction is required (known as cracking in the 
petrochemical industry).   
 
 
 
 
 

 
The logical sequence is symbolically: 

 
Example 2: Objective is to manufacture phosphate fertilizer for agriculture. 
 
Phosphate fertilizer is calcium dihydrogenphosphate. The obvious natural resource to use is 
calcium phosphate. A strong acid is required to change the resource into the desired product. 
Strong acids do not occur naturally, they are too reactive in transferring their hydrons! Sulfuric acid 
is a common strong acid, which can be made by reaction of sulfur trioxide with water. Sulfur 
trioxide molecules have an S atom in oxidation state +6. This can be formed by oxidation (with 
oxygen) of molecules containing a sulfur atom in a lower oxidation state (for example sulfur 
dioxide, iron sulfide). The logical sequence is symbolically: 
  

                  -(CH2CH2)n-     ←  CH2=CH2   ←       CnH2n+2     
               Needed product                                    Resource 

Ca(H2PO4)2  ←   H2SO4  ←  SO3  ←  SO2  ←  FeS 
Needed product                                              Resource 

All of these household items are 
made from polyethene 
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 This example involves a sequence of redox reactions in which the common, very strong oxidant, 
oxygen is used. The final step of forming the calcium dihydrogenphosphate is an acid-base 
reaction. 
 
Q 2.8 Write balanced chemical equations to represent each of the reactions symbolically 

shown in Example 2 above. Read the previous paragraph if you need help to identify 
the other reactants involved at each stage. 

  
 Although there is a common and readily available oxidant (oxygen) there is a comparative scarcity 
of reductants. The fossil fuels are the biggest type of resource we can use as reductants: coal, 
natural gas and natural petroleum. In the molecules of these substances, the carbon atoms have 
negative or zero oxidation numbers.  
 
2.2.3. Resources 
 
 Although skilled human resources are a vital component of chemical industry, in this section we 
aim to highlight aspects of the physical resources which are used by the chemical industry. These 
resources are drawn from the Earth’s spheres, and it is convenient to consider each of these in 
turn. The molecules in these spheres are sources of atoms that may be required in the products to 
be manufactured. 
 
2.2.3.1 Resources from the Atmosphere 
 
 The main components of the atmosphere are nitrogen 
and oxygen. The molecules of these gases are an almost 
limitless source of nitrogen atoms and oxygen atoms, 
respectively. In some processes the troposphere mixture 
of the two may be used together (eg in combustions it is 
often possible to use the mixture even though the nitrogen 
is not really required), but in others it may be necessary to 
separate the gases before using the one required for the 
process (eg in the synthesis of ammonia, the nitrogen 
required must be separated from the oxygen before the 
gas is mixed with hydrogen and enters the reactor). The 
gases are separated by first liquefying the air and then 
distilling the liquid.  
 
 
 
Q 2.9 When liquid air is fractionally distilled the process is similar to the fractional 

distillation of liquid petroleum. However, because the air is a very simple mixture 
compared to the petroleum, it is possible to get quite pure, separate gases. 
Considering the oxygen and nitrogen which one will boil at the lower temperature? 
Give reasons for your prediction. What will be the other main component in the 
liquid besides the oxygen and nitrogen? Will it boil at a higher or lower temperature 
than the other two? Explain. 

 
 Oxygen is a strong oxidant and it is very useful that it is abundantly available. Nitrogen is the main 
source of nitrogen atoms for chemical industry, and its unreactive nature creates problems for the 
industry. 
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2.2.3.2 Resources from the Hydrosphere 
 
 The hydrosphere is of course our principal source of water. Water is used in chemical industry as 
a solvent for reactions and for cleaning and cooling. In all of these applications, waste water 
released into the environment after use must be cleaned in accordance with national standards. 
This requires the plant concerned to analyse the used water continuously, and in most cases to 
provide for treatment of the water. All of this costs money, but is essential for protection of our 
water supplies. 
 
 Water may also be a reactant where it may be seen as a source of hydrogen atoms and/or oxygen 
atoms. Hydrogen, H2, is often produced from water, and then used in further processes. 
 
 Some natural water sources have quite high 
concentrations of solutes. For example, sea water is 
actually an impure 0,5 mol/l solution of sodium chloride! 
In such specific cases, the solute may be obtained by 
evaporation of the solution. This can be seen taking 
place at suitable seashore locations, for example near 
Port Elizabeth. Some lakes are also very concentrated 
salt solutions and salt pans are the natural ultimate 
result of evaporation. Concentrated salt solutions may 
be used as sources of sodium and chlorine atoms as 
for example in the chloralkali industry. 
 
 
 
 
 
 
Q 2.10 Calculate the volume of sea water that should be evaporated to produce 1,0 kg of 

sodium chloride. What is the minimum energy required for this? 
  
2.2.3.3 Resources from the Lithosphere 
 
 Atoms of all the naturally-occurring elements can be found in the lithosphere. To be economically 
used the minerals containing these atoms must be concentrated to above the crustal average; that 
is ores must be found. The phosphorus atoms required for agricultural fertilizers for example, are 
sourced from phosphate ores which are predominantly calcium phosphate. Almost all the metals 
that are used to build and to manufacture come from the atoms found in the respective ores: for 
example, iron, copper, zinc, chromium, aluminium, tin, lead, are obtained from (mostly) the oxides 
and/or sulfides of these elements. Precious metals for specific needs (eg platinum group metals, 
gold and silver) are obtained in a similar way. So is the semiconductor, silicon, from high purity 
sources of silicon dioxide. 

 
 Limestone, CaCO3, is an example of a mineral that is 
mined for direct use as a chemical reactant in industry (eg 
production of cement and of iron and steel). 
 
 Our fossil fuels also come from the lithosphere, whether 
they are accessed on dry land or on the sea bed. 
 
 
 
 
 
 
 

Salt pans belonging to the Cerebos 
company in Coega, Port Elizabeth 

A typical limestone quarry 
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2.2.3.4 Resources from the Biosphere 
 
 The biosphere is quite a different type of resource. It provides, more or less directly, for human 
needs for food and clothing, as well as for certain medicines. There is an almost infinite variety of 
complex molecules available in the biosphere, and chemical industry makes very limited and 
selective use of these. Two examples of large scale use of the biosphere are natural rubber 
(obtained from rubber trees) and sugar obtained from sugar cane (or sugar beet in colder parts of 
the World). Two examples of small scale use of the biosphere are vanilla (from seed pods of 
vanilla trees) and quinine (from the bark of cinchona trees). The case of vanilla exemplifies a 
common type of natural product from the biosphere, namely spices, flavourings and perfumes.  
The case of quinine (an antimalarial) exemplifies another common type of natural product from this 
sphere, namely, medicines. Some of these medicines may have been used in traditional 
medicines, whilst others are newly discovered. 
 
 In the majority of these examples of exploiting the biosphere, there is no use of chemical reactions 
to obtain a desired product. Rather the desired product is already in the biosphere (usually in 
plants) and it needs to be separated from all the other substances it is mixed up with. The chemical 
plant then typically follows a sequence of steps such as: 

• crush the plant material together with some suitable solvent (water for sugar) 
• separate the solution (containing the desired substance) from the other solid plant material 
• concentrate the solution by evaporating some of the solvent 
• collect by filtration the solid material that crystallizes out 
• where required, further purify the solid filtered off (eg by recrystallisation, chromatography) 

to obtain the desired substance with sufficient purity. 
 

 Since “Nature” manufactures these substances it would seem an ideal resource: the desired 
substances have already been made and come for “free”. However they are not free, as the plants 
have to be cultivated and harvested, and the separation process outlined above is also not free 
(although energy usage may be low). Nevertheless for some specific and relatively complex 
substances the biosphere is a wonderful resource. 
 
Probably this is the way it needs to stay. There has been 
much debate about using the biosphere as a very big source 
of “biofuels”. These are materials grown in the biosphere 
purely to use as fuels. In the case of sugar, for example, the 
sugar harvested from sugar cane would be fermented to 
make ethanol, which would then be distilled off and used 
alone, or mixed with other ingredients, as a fuel for motor 
vehicles. This is technologically feasible, and indeed in 
Brasil this process makes a substantial contribution to the 
fuel needs of the country.  
A major limitation to the biofuels idea is that growing these 
crops uses arable land that may be needed for food crops. 
With arable land increasingly scarce in relation to the 
growing World population it seems unlikely that biofuels 
have a big future. 
 
Q 2.11 When a new development is taken up in the media, all kinds of misconceptions may 

be spread. Biofuels are a case in point. Imagine you are talking to a non-scientific 
person in your community, a parent perhaps, and they suggest that biofuels (a) are a 
renewable resource, unlike fossil fuels which are non-renewable, (b) produce less 
carbon dioxide than fossil fuels on combustion. To what extent are these 
suggestions true? How would you answer? 

Sugar cane is used to make 
ethanol in Brasil 
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2.3 Case Study I : SASOL 
 
2.3.1 Introduction 
 
 In South Africa SASOL needs no introduction! Nevertheless to get the right perspective a few 
remarks are justified. The company was started more than 60 years ago with the objective of 
manufacturing liquid fuels from coal. South Africa has substantial resources of coal (a solid fuel) 
but meagre resources of liquid fuels. To be able to convert the one into the other on a large scale 
was, and is, an obviously desirable possibility. Basing their initial efforts and production on the 
Fischer-Tropsch process developed some years before in Germany (a country faced with a similar 
fuels situation), SASOL gradually developed hugely better technology. This newer technology has 
been sold to other countries. As a result of their success, the company has now extended their fuel 
conversion interests to changing gaseous fuels to 
liquid fuels. There is only a little natural gas within 
South Africa (off-shore at Mossel Bay), but they 
now draw the gas from Mozambique where there 
are extensive off-shore natural gas resources.  
This technology is also sold to other countries. 
 
 These remarkable achievements have made 
SASOL into a major international company. They 
have also generated a large number of related 
chemical plants making products other than liquid 
fuels. In the following sections we take a brief 
look at some of the key chemical processes that 
SASOL currently operates. 
 
 
 
2.3.2 The Fischer-Tropsch (F-T) Process: Part 1 
 
 Symbolically, the production of liquid fuels from the solid fuel, coal, can be represented as: 
 

n C(s)  +  (n+1) H2 (g)  =  CnH2n+2 (l) 
 

 We can remember that coal is not a single simple substance and that it is not pure carbon; we can 
also remember that natural petroleum is a complex mixture of hydrocarbons and that not all of 
them will be covered by the general formula of alkanes; but nevertheless the above equation 
summarises the main characteristics of the overall conversion required. 
 
 Unfortunately this reaction does not occur directly. The problem is overcome by a two-step 
process in which coal is “gasified” and the resulting synthesis gas is then catalytically converted to 
a hydrocarbon mixture by the Fischer-Tropsch process: 
 

The Sasolburg plant of SASOL, South Africa 
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Step 1: Gasification of coal 
 Red-hot coal reacts with steam (gaseous water) in 
accordance with: 
    

C(s)  +  H2O (g)  =  CO (g)  + H2 (g)   (∆H = +131 kJ/mol) 
CO (g) + H2O (g) =  CO2 (g) + H2 (g)  (∆H = -42 kJ/mol) 

  
 These two reactions are reversible and the operating 
conditions are chosen such that, when the carbon dioxide is 
removed, the remaining mixture of carbon monoxide and 
hydrogen is in the correct proportions. This remaining mixture 
is called “synthesis gas”. 
 
 Reflecting on the “gasification of coal” we might well feel this 
is not going in the right direction at all: the C atoms of the coal 
are now bonded to oxygen atoms whereas we want them to 
be bonded to H atoms and other C atoms! 
 
Step 2: Fischer-Tropsch Synthesis 
 The synthesis gas is now heated and compressed and 
passed over a special catalyst; altogether the operating 
conditions are optimized for producing the desired mixture of 
products, as represented by: 
 

n CO (g)  +  (2n+1) H2 (g)  = CnH2n+2 (g)  +  n H2O (g) 
  
Note that in the above equation, all the components of the reaction mixture are shown as gaseous, 
which they are under the operating conditions. On cooling to normal temperatures, we would find 
not only that the water is liquid but also that the hydrocarbon mixture is liquid. The appearance of 
“n” in the above equation implies that several different reactions are taking place at the same time, 
so that an alkane mixture is produced. This mixture is similar to the natural petroleum mixture of 
hydrocarbons.  
 
 
Q 2.12 Write the F-T balanced chemical equation for the specific case where octane is the 

alkane produced. 
 
Like the natural petroleum, not all the substances in the F-T product mixture are alkanes; there are 
some alkenes, CnH2n, also. 
 
 
Q 2.13 Write a balanced chemical equation to show the formation of alkenes from synthesis 

gas. Use the equation for alkane formation as your guide. 
 
Q 2.14 Pent-1-ene, hex-1-ene and oct-1-ene are three alkenes which are separated from the 

product mixture by distillation. They are used in the manufacture of detergents. Draw 
formulae to represent molecules of the three alkenes named.  

 
  In the same way as with natural petroleum, the product mixture from the synthesis process 
cannot be used as a fuel directly. It is fractionally distilled to produce a variety of liquid fuels. 
 

Cross section of a gasifier 
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2.3.3 The Fischer-Tropsch Process: Part 2 
 
 The founding objective of SASOL, to convert a solid fuel to liquid fuels, is achieved by the two 
stage process described in Part 1. The more recent objective, to convert gaseous fuels to liquid 
fuels, also uses the Fischer-Tropsch process with synthesis gas, but this gas mixture is produced 
in a process called reforming. This involves a high-temperature reaction of methane (the 
predominant substance in natural gas) with steam, as represented by: 
 

CH4 (g)  +  H2O (g)  =  CO (g)  +  3 H2 (g) 
 
 
Q 2.15 (a) Use the following enthalpy data to calculate the enthalpy change of this reaction. 

∆Hf(CH4(g)) = -74,8 kJ/mol; ∆Hf(H2O(g)) = -241,8 kJ/mol; ∆Hf(CO(g)) = -110,5 
kJ/mol. 

(b) There are two reasons why this process must take place at a high temperature. 
Suggest what they are. 

  
This synthesis gas is again fed to a Fischer-Tropsch reactor.  
The Fischer-Tropsch process is quite a versatile one; the operating conditions (including the 
catalyst) can be varied to optimize the yields of different types of products. At the present time, the 
SASOL plant at Secunda is designed and operated predominantly to produce liquid alkane 
mixtures.  

 

A representation of the processes taking place at  
the SASOL plant in Secunda 
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At Sasolburg however different conditions are used with a view to producing a variety of 
“chemicals” – that is organic substances for further manufacturing processes. In addition to this 
variety, the synthesis gas is used in other catalytic processes (not F-T) to produce other organic 
substances. The two equations below represent examples of two separate processes of this kind, 
which operate in Sasolburg currently: 
  

CO (g)  +  2 H2 (g)  =  CH3OH (g) 
CH3CH=CH2 (g)  +  CO (g)  +  2 H2 (g)  =  CH3CH2CH2CH2OH (g) 

 
These products are quite different; they are no longer hydrocarbons but alkanols (alcohols). Once 
again all the substances are shown as gaseous, because that is their state in the reactor: on 
cooling to normal temperatures all of these alcohols will become liquids. 
 
 
Q 2.16 The second reaction equation above represents an example of what is referred to as 

the “oxo” reaction. It too is versatile and can be used to produce different alkanols 
depending on the alkene chosen. Write a balanced chemical equation to represent 
the oxo reaction with but-1-ene, and name the product formed. 

 
2.3.4 Cracking 
 
 Distillation of the Fischer-Tropsch hydrocarbon product mixture, yields different fractions, and 
those not directly usable as liquid fuels, may be further processed in numerous ways. One of the 
most important further processes is known as cracking, a type of elimination reaction. The reaction 
starts with an alkane mixture (with large alkane molecules) and produces alkenes (with small 
molecules), as represented in the following example equation: 
 

C20H42 (g)  =  2 CH3CH=CH2 (g) + 7 CH2=CH2 (g) +  H2 (g) 
 
Ethene and propene are usually the main products of the cracking, but the product mixture is 
variable according to operating conditions. Alkenes are more reactive than alkanes and 
furthermore (because they are the only two major products) they can be separated and obtained 
quite pure. They are then valuable starting materials for a number of other reactions (for example, 
the oxo reaction). Of great importance is their use as monomers in addition polymerization. 
 
Q 2.17 Write a balanced chemical equation to represent the cracking of tetracontane, C40H82.  
 
 
2.3.5 Addition Polymerisation 
 
 Addition polymerization of ethene and propene yields poly(ethene) 
and poly(propene), respectively. These systematic names of the 
polymers are abbreviated in everyday language to polythene and 
polyprop. They are the two most extensively used addition polymers. 
A variety of different conditions may be used for the polymerization; 
the two different varieties of poly(ethene) – the low-density (LDPE) 
and high-density (HDPE) – that one may find labeled on consumer 
products, result from two different polymerization conditions. 
 
 The simplest and still predominant polymerization process involves a 
chain reaction mechanism. This mechanism requires an initiator, 
which is a substance which decomposes on heating to form free atoms or radicals. The initiator 
molecules therefore have a weak chemical bond that breaks at a relatively low temperature (say 
100 0C) ; molecules of peroxides are a common example, where the O-O bond in the molecule is 
weak: 
              

RO:OR  =  2 RO. 

A bag of polythene 
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Using the symbol R signals that an organic peroxide is represented, with R being a variable 
organic group. The single dot, shown after the RO. product represents the single electron carried 
by the O atom (from each half of the peroxide molecule) as a result of the breaking of the O-O 
bond. The RO. is called a free radical, a term which identifies the entity as having an odd, unpaired 
electron. The O-O bond is represented by a shared pair of electrons in order to emphasise how it is 
this pair which is split up when the bond breaks. 
 
 Free radicals are always reactive because of the free odd electron they have. One way they may 
react very simply is for two of them to combine to reform the original molecule: 
 

2 RO.   =  RO:OR 
 
But when the radical is so reactive it is likely to react with the first thing it collides with. So when in 
the presence of ethene molecules, the alkoxyl radical, RO., may add to the double bond: 
 

RO.  +   CH2=CH2   =   ROCH2 - CH2
. 

 
This is called the initiation step in the chain mechanism of polymerization. When this occurs, the 
product is another, different free radical, as indicated again by the dot in the formula on the product 
side. This in turn can then react with another molecule of ethene: 
 

ROCH2CH2
.  +  CH2=CH2  =  ROCH2CH2CH2CH2

. 
 
These steps (called propagation steps in the chain mechanism) may be repeated thousands of 
times, giving a very long hydrocarbon chain with a free, single electron at the end. At some stage, 
two separate free radicals meet each other and combine: 
 

RO-(-CH2CH2-)x
.  + RO-(-CH2CH2-)y

.  =  RO-(-CH2CH2-)x+y-OR 
 
Such a combination of free radicals is called a termination step in the chain mechanism. 
 From such a mechanism one can see why macromolecules of different sizes are all formed 
together in the same polymerization; it is a matter of statistical probability as to when a growing 
free radical meets another growing free radical rather than another molecule of ethene. If 
termination occurs early on, then the macromolecules will be comparatively small; if termination 
occurs rarely then the macromolecules will be very large. 
 
 It can also be seen that the macromolecules produced contain fragments of the original initiator 
(RO in the example above) at the chain end. In a very large macromolecule these initiator 
fragments are a tiny part of the total molecule and scarcely affect its properties. 
 
Q 2.18 PVC is a polymer produced by addition polymerization of vinyl chloride, CH2=CHCl. 

Write out the steps of a free radical chain mechanism of its addition polymerization 
to PVC. Give a name to each step. 

 
 
2.3.6 The SASOL Case Study 
 
 The two main SASOL plants located at Sasolburg and Secunda use huge quantities of coal, 
water, natural gas, and air, to make a great variety of end products. The above case study 
provides a partial and limited picture of this enormous technological activity. The emphasis above 
has been upon the production of liquid fuels for transport and plastics for a variety of applications, 
for example in the construction and food industries. In Case Study 3 we shall examine the fertilizer 
industry, to which SASOL again contributes heavily. Thus SASOL’s plants contribute to meeting 
almost all basic human needs (food clothing, shelter and transport). Unfortunately all these positive 
contributions are threatened by the emission of pollutants, particularly into the atmosphere and 
hydrosphere. SASOL limits these emissions in accordance with environmental regulations.  
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At the present time it is not practical to avoid emission of carbon dioxide into the atmosphere and 
there is no regulation of this. This emission of carbon dioxide is not the “fault” of SASOL or their 
scientists and engineers. It is a consequence of meeting our needs. 
 
Q 2.19 Supposing a terrorist blew up both SASOL plants. What would be the impact of this 

on us all? 
 
 
2.4 Case Study II: The Chloralkali Industry 
 
2.4.1 Introduction 
 
 The chloralkali sector of the chemical industry is one with the longest history. When more than a 
century ago in Europe rapid industrialization was taking place and people were massing in cities 
and towns to work in the new factories, there were serious health problems. These problems were 
overcome by keeping clean, and this need was satisfied by developing the chloralkali industry. 
Today, in other parts of the World, like Africa, industrialization occurs in some regions, creating 
similar problems. The birth of the chloralkali industry is a good example of chemical industry 
responding to human needs. 
 
2.4.2 Soap and detergents: how they are made and how they work 
 

 Soap is an ancient product. Making it requires fats (eg from 
slaughtered animals) and alkali (eg potash, KOH, from the ashes 
left by burning wood). Using resources of this type sufficed when 
rural populations were able to take care of their own limited needs. 
The basics of how these resources are used to make soap may be 
shown using a simple or general equation: 
  

RCOOR’  +  KOH   =   RCOOK  +  R’OH 
  
The formula RCOOR’ represents a carboxylic ester and the 
equation shows that on heating up with aqueous KOH, it forms a 
potassium carboxylate and an alcohol, R’OH. All esters undergo 
this type of reaction, which is traditionally called a saponification (a 
term referring to soap formation). The soap description applies to 
the potassium carboxylate however only if the R group is quite a 
large hydrocarbon group with, say, a dozen carbon atoms  
(C12H25-). Only then do we observe the typical surfactant 

characteristics we are familiar with when using soap to wash our hands.  
 
 Surfactant behaviour in aqueous solutions may be explained by considering intermolecular forces. 
When a substance like a potassium carboxylate is mixed with water, the bond between the 
potassium and oxygen atoms breaks and hydrated ions are formed. This is the behaviour of simple 
salts with which we are familiar. When the carboxylate ion, RCOO-, is relatively small (eg when R = 
CH3, and therefore we are dealing with an acetate ion), the hydrating water molecules are able to 
hydrogen-bond to the carboxylate group and also make space for the non-polar R group. But as 
the R group becomes larger, the non-polar tail of the carboxylate ion cannot be readily 
accommodated by the water molecules. The water molecules are strongly hydrogen-bonded 
together and making space for a large R group (which does not offer hydrogen-bonding) requires 
energy. The result is then that most of the carboxylate ions cluster together at the surface of the 
water, forming a layer there with the charged, polar heads buried amongst the water molecules 
and the non-polar tails pointing upwards away from the water molecules (see fig). The water has 
no longer a water surface; the high surface tension characteristic of water is lost and the low 
surface tension typical of hydrocarbons is evident. The surface layer is however only a molecular 
layer and we cannot directly see such a layer. This phenomenon is related to the term surfactant, a 
contraction of surface-active agent. 

Long ago, the ash for soap 
making was collected in this 

container called a hopper 
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When the water surface is filled with such molecules and no more can be accommodated, then the 
excess carboxylate ions become dispersed in the water in the form of clusters called micelles (see 
fig). Here once again, the charged polar heads of the carboxylate ions are buried amongst the 
surrounding water molecules, and now the non-polar hydrocarbon tails are clustered on the inside 
of this ball-shaped micelle. There are attractive intermolecular forces between them but no 
hydrogen bonding.  

 
The micelles are believed to play an active 
role in removing dirt which is also non-polar. 
Such dirt (being non-polar) will not dissolve in 
water. However the dirt molecules (whatever 
their exact identity) can be accommodated by 
the non-polar environment on the inside of a 
micelle. When this happens the dirt 
molecules become encapsulated in the 
micelle, which floats in the water. When you 
discard this soapy water and rinse with fresh 
water, all the micelles with the encapsulated 
dirt molecules go with it. Your hands (or 
clothes) are clean! 
 

Figure showing surface layer of soap molecules on water 

A ball-and-stick representation (left) and a space-filling model of a micelle (right). The first figure 
shows the charged polar heads of the carboxylate ions surrounded by water molecules. 
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Returning now to the specific case of soap from animal fats, the carboxylic esters that are obtained 
from this source are slightly more complicated than the simple formulae we have used in equations 
above. This is because the OR’ part of these formulae is more complicated. The relevant 
condensed structural formula is shown below: 
 

 
This additional complexity does not affect the principles presented above. When a molecule of this 
ester is saponified, three different molecules of carboxylate salts are formed together with one 
molecule of glycerol. Sodium hydroxide, rather than potassium hydroxide is used in the 
saponification, because it is much cheaper.  
 
Q 2.20  Glycerol is the common name of the substance systematically named as propan-

1,2,3-triol.  
(a) Draw a projection formula to represent this molecule.  
(b) Write a balanced chemical equation to represent the saponification of an animal 

fat by sodium hydroxide.  
  
 Synthetic detergents are also widely used today in place of the traditional soap, above all because 
there are no longer enough animals to use for the large human population. These are also 
surfactants but contain sulfonates (SO3Na) rather than carboxylates (CO2Na): this means that 
there is a different polar, charged head.  However the same basic combination of a polar head and 
a long non-polar chain within the one molecule holds. These detergents are synthesized by 
chemical industry (eg by SASOL) and are not derived from the biosphere (unlike animal fats). They 
have advantages especially when using water containing calcium or magnesium ions. Calcium and 
magnesium carboxylates are insoluble in water and form a “scum” (a precipitate that floats on the 
surface of the water) in such water. This is not only unattractive but also uses up soap molecules 
that would otherwise help to clean. The calcium and magnesium sulfonates are much more soluble 
in water, and so the detergent molecules remain available for cleaning. 
 
Q 2.21 Representing a sodium carboxylate as RCOONa, write balanced chemical equations 

to represent scum formation. Why does this precipitate stay at or near the surface of 
the water? 

  
2.4.3 The Role of the Chloralkali Industry in Making Soaps and Detergents 
 
 In the previous section we have described some of the basic facts about soaps and detergents 
and explained how they work. Where does the chloralkali industry come in? The answer is that it is 
a source of sodium hydroxide. We noted that early in the history of soap, wood ashes provided the 
alkali required to saponify the animal fats. This is adequate for a local, small-scale soap 
production, but not a large scale manufacture of the type we need to cater for the human 
population today. So here too, the biosphere (from which the wood is taken) can no longer support 
us. This need for a new source of alkali is what started the chloralkali industry. 
 
 Starting with the knowledge that sodium hydroxide is a strong base we can be certain that it will 
not exist as a natural resource – it will always find something to react with. We therefore need to 
manufacture NaOH, and for that we need a source of sodium atoms and a source of OH groups.  
The most obviously available natural sources of these are NaCl (available from the sea and salt 
pans, etc) and water, respectively.  

CH O  2

CHO   

CH O 2

COR   1

COR2

COR3 

A typical carboxylic ester derived from glycerol 
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However the chemical reaction we might want to use on this basis: 
       

NaCl (aq)  +  H2O (l)  =   NaOH (aq)  +  HCl (aq) 
 
does not occur. In fact the reverse reaction is a very familiar reaction between a strong acid and a 
strong base! And a solution of sodium chloride in water is going to stay exactly that, unless we give 
it a lot of energy. And that is exactly what they do in the chloralkali industry. The energy used is 
electrical energy and the process is an electrolytic reaction. 
 
 The electrolysis of aqueous sodium chloride can be represented by the following balanced 
chemical equation: 
 

NaCl (aq)  +  H2O (l)  =  NaOH (aq)  +  H2(g)  +  Cl2(g) 
 
So sodium hydroxide is produced, but instead of hydrochloric acid the separate gases hydrogen 
and chlorine are produced. The electrolytic cell is shown in the diagram below: 

 
Q 2.22 Use oxidation numbers to show that the cell reaction is a redox reaction. Describe 

and explain which atoms are oxidized and which reduced.  
 
The sodium hydroxide is produced in solution, which may be used as such. Otherwise the solution 
must be concentrated by evaporation, and the crystalline sodium hydroxide obtained. Transporting 
the solid rather than the solution is less expensive, but this must be balanced with the extra cost of 
evaporating the water. The hydrogen and chlorine are also saleable products and we shall refer to 
these later. 
 
 The diagram shows that the cell is designed to be run continuously. The salt solution enters the 
cell continuously and sodium hydroxide solution (and the gaseous products) leave the cell 
continuously. There are some technical implications of this, one of which is the presence of a 
membrane separating the two halves of the cell. This is made from an inert organic polymer which 
has sulfonic acid groups in the macromolecular structure. In the aqueous environment these are 
mostly ionised to sulfonate groups, SO3

-, because sulfonic acids are quite strong acids.  
These negatively charged groups repel anions (Cl-, OH-) in the solution and so these cannot pass 
through the membrane. By contrast, cations (Na+) and neutral molecules (H2O) can pass through. 
 

Figure showing the components of one electrolytic cell  
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As in any electrolytic cell, the electrical energy supplied to the cell causes a reduction half-reaction 
at the cathode and an oxidation half-reaction at the anode. In this case they are as follows: 
 
Anode:  2 Cl- (aq)  =  Cl2 (g)  +  2 e- 
Cathode:  2 H2O (l)  +  2 e-  =  H2 (g)  +  2 OH- (aq)  
 
 Hydrated sodium ions, Na+(aq), are in the solution but are not reduced at the cathode: water 
molecules are preferentially reduced. However they contribute to the current carried by the 
solution. They remain in solution and their charge is balanced by the charge of the hydroxide ions. 
Together they constitute an aqueous solution of sodium hydroxide, the desired product for soap 
manufacture. 
 
 As noted above the membrane does not allow anions to pass through. If hydroxide ions were able 
to pass from the region around the cathode where they are formed to the region around the anode 
(where chlorine is formed), then these could react to form hypochlorite ions: 
 

Cl2(g)  + 2 OH- (aq)  =  2 OCl- (aq) 
 

 If this happened some of the desired products would be lost, adding to the cost of the process. 
 
2.4.4 Hydrogen and Chlorine 
 
 The financial viability of an industrial process is very dependent on being able to sell or use all the 
products of the process. In the electrolysis of aqueous sodium chloride, the sodium hydroxide may 
be a product that is needed for soap making, but the price at which one can sell it will depend upon 
whether or not one can also sell the other products. So the using and selling of the hydrogen and 
chlorine is very important for this reason alone. The other reason, of course, is that if one cannot 
do this, then you have to dispose of these rather dangerous substances without damaging the 
environment – which is likely to be very expensive to do. 
 
 In fact there are plenty of uses for these co-products. Together these two 
can be used to produce hydrogen chloride (by burning the hydrogen in 
chlorine), for hydrochloric acid: 
         

H2 (g)  +  Cl2 (g)  =  2 HCl (g) 
HCl (g)  +  H2O (l)  =  HCl (aq) 

 
 Hydrochloric acid is a very common strong acid with a myriad of uses and 
is readily sold. As it is a strong acid it cannot be found as a natural resource, 
and this direct reaction of hydrogen and chlorine from the electrolysis is 
therefore an attractive follow-on to that process.  
 
 
 
Q 2.23 The reference to burning hydrogen in chlorine implies the reaction between the two 

gases is exothermic. Use the bond energies given (aJ), to calculate the enthalpy 
change when one molecule of hydrogen reacts with one molecule of chlorine.  
(H-H = 0,717 ; H-Cl = 0,716 ; Cl-Cl = 0,397). 

 
 Hydrogen is used in a number of industrial scale processes: in the previous section we dealt with 
the Fischer-Tropsch for example. The synthesis of ammonia is another very big user of hydrogen. 
Whether the hydrogen from the electrolysis would be used for these depends on location of plants 
and transport costs. 
 

Swimming pool acid 
is hydrochloric acid 
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Chlorine, Cl2, is an oxidant (Cl has a high electronegativity) and is very reactive (the Cl-Cl bond is 
weak (239 kJ/mol). For these reasons it has many possible uses. A very important one is in the 
purification of water, especially to make it potable (that is, fit to drink). Chlorine dissolves in water 
and reacts with it to some extent: 
 

Cl2 (aq)  +  H2O (l)  =  HCl (aq)  + HOCl (aq) 
 
At equilibrium the extent of reaction is not great, but it is important. This is because it seems that 
harmful organisms in the water are killed more effectively by the HOCl molecules than by the 
chlorine molecules. When water is chlorinated, some of the dissolved chlorine is used up by 
organisms present in the water. This takes place at the municipal water treatment plant. When this 
water is sent through the water pipes to people’s homes, more organisms may get into the water 
(perhaps due to faulty pipes), so the municipal water scientists try to dissolve enough chlorine to 
cope with these extra organisms the water may pick up on its way to our homes. If the water from 
your tap has a slight smell of chlorine that is not a bad thing! However, too much chlorine is not 
good. Chlorine is basically poisonous, and the gas has been used in gas warfare.  So the water 
scientists and technicians need to be careful and responsible: not too little and not too much 
chlorine!  
 
 When you want to purify water yourself, usually people advise not to use chlorine. It is difficult to 
handle being a gas, and accidents can happen. For this reason the “pool chlorine” widely used for 
swimming pools is not chlorine! It is approximately calcium hypochlorite, Ca(OCl)2, a white solid, 
not a greenish gas! It is manufactured using chlorine as follows: 
 

Cl2 (g)  +  2 Ca(OH)2 (aq)  =  Ca(OCl)2 (aq)  + CaCl2 (aq)  +  2 H2O (l) 
 
When the solution is evaporated a solid mixture of the two calcium salts is obtained. The 
containers of these solids, when you open them, smell of chlorine. This chlorine is produced by 
reaction between the solid calcium hypochlorite and water in the air. 
 
Q 2.24 Write a balanced chemical equation that would explain the origin of the chlorine 

smell from a container of “pool chlorine”. What misconceptions might arise from 
referring to this consumer product as chlorine? 

 
 Sodium hypochlorite could be used for the same purpose in 
principle. However it is not usually used this way. A solution of 
sodium hypochlorite is commonly used as a bleach or 
whitener of clothing materials. The sodium hypochlorite is 
formed by reacting chlorine with aqueous sodium hydroxide 
solution. When many coloured materials are oxidized their 
colour is destroyed. 
 
 Both calcium hypochlorite and sodium hypochlorite are safer 
for consumers to handle than gaseous chlorine. However, 
both of them are oxidants and can form chlorine under certain 
conditions, so they should be treated with care! 
 
 A completely different type of application of the chlorine 
produced from the electrolysis, is to produce chlorinated 
organic compounds. The compounds mostly produced by the 
petrochemical plants are hydrocarbons. Chlorine atoms are 

rare in the biosphere and hence also in fossil fuels (which originally came from there). Introducing 
chlorine atoms into organic molecules modifies their properties in various ways. This is evident to 
us when we compare samples of poly(ethene) and poly(vinyl chloride) (PVC).  
 

Household bleach contains 
sodium hypochlorite 
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There are several common organic solvents that are chlorinated organic compounds: carbon 
tetrachloride (tetrachloromethane), chloroform (trichloromethane), and methylene chloride 
(dichloromethane) are all obtained by direct reaction between chlorine and methane. The popular 
dry cleaning liquids, tetrachloroethene and trichloroethene, result from reaction of chlorine with 
ethene, followed by elimination of HCl and further reaction with chlorine. All of these substances 
are liquids at normal temperatures, unlike the hydrocarbons (methane and ethene) from which they 
are manufactured. 
 
Q 2.25 Write balanced chemical equations to represent the formation of each of the 

organochlorine compounds referred to above. Identify the types of reactions 
involved as substitution, addition or elimination. 

 
 There are many common insecticides that are organochlorine compounds. Benzenehexachloride, 
C6H6Cl6, formed by reaction of chlorine with benzene, is a relatively simple example. A more 
complex but well-known example, is DDT, which is an acronym for dichlorodiphenyltrichloroethane. 
The use of these organochlorine insecticides is regulated, because careless and excessive use 
leads to accumulation of the insecticide in other animals (which damage them in various ways) and 
to the development of insect resistance to the insecticide. 

 
 
 All these things started out because more people needed more soap. 
 

An example of how 
uncontrolled use of DDT can 
lead to damage of the 
environment 
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2.5 Case Study III: The Fertiliser Industry 
 
2.5.1 Introduction 
 
 Fertilisers are one important category of agrochemicals – that is products of the chemical industry 
required for agriculture. As we have seen before, there were times long ago when farmers used 
only natural resources to fertilise the soil. Fertilising the soil means increasing the concentration of 
nutrients required by plants so that they grow more quickly and more fully. Agricultural scientists 
long ago showed that the yield of crops increased with increasing application of fertilizer, 
confirming what farmers found out from experience over many centuries. However the relation 
between quantity of fertilizer applied and yield of crops is a very simplified description. In fact there 
are distinct limits to how much improvement can be achieved for a variety of reasons. For example 
plant growth does not only depend on nutrients in the soil; water, sunlight, and soil structure all 
have a strong influence.  
 
 Today natural fertilizers are completely insufficient to meet human needs, and again we must 
recognize that without the fertilizers manufactured by chemical industry less than half the current 
World’s population could survive. With global climate change, few people dare to say with certainty 
what the consequences will be for food production in the decades ahead. 
 
 In this Case Study we focus on the three plant macronutrients, nitrogen, phosphorus and 
potassium. 
 
2.5.2 Nitrogen 
 
 Nitrogen atoms appear in a variety of molecules in plants, as well as animals. Proteins and nucleic 
acids are two types of organic macromolecules for example, where these atoms occur. Plants are 
unable to get these nitrogen atoms directly from the troposphere, either through their leaves or 
their roots. They rely upon getting the required nitrogen atoms from other simple molecules 
containing nitrogen atoms, such as ammonia molecules, ammonium ions, and nitrate ions. Each of 
these can be found in aqueous solutions and it is through water in the soil that these ions or 
molecules are transported to the roots of the plants. When discussing the nitrogen cycle (and the 
water cycle) we learn that these natural cycles used to be able to supply the nitrogen atoms 
required in sufficient quantities. Now human demands are so great that the natural cycles supply 
less than half the nitrogen fertilizer requirements of agriculture. Chemical industry now fills the vital 
gap. 
 
 To do so, the fertilizer manufacturers begin with nitrogen in the troposphere. The nitrogen is 
separated from the other gases (especially oxygen) and reacted with hydrogen as represented by 
the balanced chemical equation: 
 

N2 (g)  +  3 H2 (g)  =  2 NH3 (g) 
 
 This reaction is exothermic, but is extremely slow unless high temperatures and pressures are 
used, together with a catalyst. Furthermore the reaction is reversible, so both rate and extent of 
reaction must be carefully considered. These basic requirements for a viable industrial-scale 
reaction were first identified and applied successfully by Haber, a German chemist a century ago. 
Since then there have been some improvements in efficiency through development of better 
catalysts, but the basic design has remained the same until now.   
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The following graph shows how the equilibrium yield of ammonia is related to the operating 
conditions.  

 
 
Q 2.26 (a) Without reference to the indicated “industrial conditions”, explain the data shown 
in the graph in terms of the principles of chemical equilibrium. 
(b) Explain why the “industrial conditions” are the ones chosen by industry. 
 
 The requirements of high temperature and high pressure can certainly be met, but unfortunately at 
a cost. And cost is the overriding factor in the choice of “industrial conditions”. There is no time to 
wait for equilibrium to be reached: rate of formation of products is an equally important 
consideration. For these reasons too, the process is operated continuously and with provision for 
recycling of unused reactants. The diagram below shows the essence of the continuous process.  
 

 
This diagram represents the different molecules in circulation; in the real process there would be 
billions and billions of such molecules at any one moment.  

graph showing % yield of ammonia versus temp at different pressures 

Key stages in the Haber process for synthesizing ammonia 
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This case illustrates that in industrial chemical processes, the principles of chemical reaction – 
stoichiometry and conservation of atoms, chemical equilibrium and rate of reaction – are all 
applicable. However, in addition, there are other principles to apply – such as maximizing profit. 
These commercial principles require manufacturers to apply the chemical principles with special 
skill and care.  
 
 The reactants required for the Haber 
ammonia synthesis are nitrogen and 
hydrogen. The nitrogen is taken from 
the air, but must be separated from 
the oxygen (this was described in 
section 2.2.3.1). The hydrogen is 
produced by reaction between coal 
and steam: it is the gasification of coal 
process (used by SASOL as a starting 
point for the Fischer-Tropsch process 
– see section 2.3.2) but operated here 
to maximize production of hydrogen 
(with carbon dioxide as a co-product to 
be sold if possible). The two gaseous 
reactants are mixed in the correct 
amount proportions, compressed to a 
high pressure and fed into the hot 
reactor containing the solid catalyst.  
Some ammonia forms as the gaseous 
reaction mixture passes through the 
reactor, but much nitrogen and 
hydrogen remains unreacted. As it 
leaves the reactor, the gaseous 
mixture is cooled to -33 0C in order to 
condense the ammonia out of the mixture. Because the temperature is made so low and there is 
no longer a catalyst present, no further reaction occurs at this stage: it is just the physical change 
of gaseous ammonia to liquid ammonia. The unchanged nitrogen and hydrogen remain gaseous at 
this temperature, and they are recycled to the compressor again. Here the unreacted nitrogen and 
hydrogen mix with new nitrogen and hydrogen and go forward to the reactor. The recycled 
molecules might go around a number of times before being used up. 
 
 The liquid ammonia is mostly used in the same plant for the manufacture of fertilizers. Ammonia is 
not convenient to use as a fertilizer itself, either as the liquid (at -33 0C) or as the gas. The most 
common manufactured compounds are ammonium salts and nitrates. The route to nitrates 
requires oxidation of the ammonia to nitrogen dioxide, followed by reaction of this with water, as 
represented in the following equations: 
   

4 NH3 (g)  +  5 O2 (g)  =  4 NO (g)  +  6 H2O (g) 
2 NO (g)    +    O2 (g)  =  2 NO2 (g) 
3 NO2 (g)   +  H2O (l)  =  2 HNO3 (aq)  +  NO (g) 

 
 The first stage in this sequence (the Ostwald process) is carried out at 1 000 0C and with a 
platinum catalyst. The nitric oxide coming from the reactor then reacts rapidly with oxygen (air). 
The nitrogen dioxide also reacts rapidly with water to form nitric acid. The nitric oxide produced in 
this last stage is also converted to nitric acid, because it reacts with oxygen to form nitrogen 
dioxide. 
 

Exemplar scheme of the Haber process 
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Nitric acid is a strong acid and therefore does not occur naturally. It reacts rapidly with ammonia (a 
base) to form solid ammonium nitrate, one of the most widely used nitrogenous fertilizers. It is 
interesting to note that this process starts with the base ammonia, and through oxidation produces 
a strong acid, nitric acid! Then the two are reacted to make a salt, ammonium nitrate. 
 
Q 2.27 Ammonium nitrate is a popular nitrogenous fertilizer because the mass percentage 

of nitrogen in it is relatively high. What is the mass percentage of N in NH4NO3? 
 
 Limestone ammonium nitrate (LAN) is a common fertilizer mixture sold to farmers. The mixture is 
used rather than just the pure ammonium nitrate for a number of reasons. The limestone dilutes 
the ammonium nitrate making it more easy to spread it evenly on the soil and less likely to explode 
accidentally. 
 
 The last comment about the potential for explosion leads naturally to the observation that there 
are a number of commercial explosives derived from nitric acid. Even nitric acid (colourless when 
pure) is unstable and decomposes slowly, developing a yellowish colour as it does so. Two well-
known explosives made from nitric acid are TNT and TNG, the molecules of which are shown 
below: 

 
Q 2.28 TNG is produced by reaction of glycerol with nitric acid. 1 molecule of glycerol 

(propan-1,2,3-triol) requires 3 molecules of nitric acid to form 1 molecule of TNG and 
3 molecules of water. It is a substitution reaction. Write a chemical equation using 
projection formulae to show your understanding of this reaction. 

 
Q 2.29 TNT is produced by reaction of toluene (methylbenzene) with nitric acid. Once again 

1 molecule of toluene requires 3 molecules of nitric acid to form 1 molecule of TNT 
and 3 molecules of water. It is a substitution reaction. Write a chemical equation 
using projection formulae to show your understanding of this reaction. 

 
 It is hazardous to manufacture explosives and chemical plants operated for this purpose are 
always located well away from other plants or houses. Explosives are very important for the mining 
industry, being used for blasting solid rock into small pieces which can be transported away for 
treatment. They are also of course important for the arms industry – making bullets and bombs! 
 
Q 2.30 The decomposition of TNG is fast and exothermic. The decomposition reaction is 

represented by the following chemical equation: 
4 C3H5N3O9 (l) = 6 N2 (g)  +  12 CO2 (g)  +  10 H2O (g)  +  O2 (g) 
On the basis of the given equation, explain why TNG is an explosive. 

 
 In South Africa manufacture of ammonia and the nitrogen fertilizers and explosives from this takes 
place at SASOL and Modderfontein. 
2.5.3 Phosphorus 

molecular structures of TNT and Nitroglycerine 
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 We discussed the source of phosphorus in section 1.4.2.3. It is a phosphate ore, Ca3(PO4)2, which 
is mined in South Africa at Phalaborwa and at Langebaan. There we noted that this is too insoluble 
in water to be used by plants (which take in nutrients through their roots). When treated with 
sulfuric acid, the more soluble Ca(H2PO4)2 is formed, which is included in fertilizer mixtures. All the 
basic chemical equations were given in section 1.4.2.3. 
 
2.5.4 Potassium 
 
 Potassium is an abundant element in the Earth’s crust but, as usual, mining is feasible only if ores 
can be found. Because most potassium salts are soluble in water (like the even-more abundant 
sodium salts) they can be found in natural water systems like the sea the lakes and the rivers. 
Unfortunately, unlike the NaCl in sea water, the concentration of potassium salts is generally too 
low to make these natural aqueous solutions an economically viable source of them. However, 
where there have been such natural waters that concentrated and evaporated (perhaps a few 
million years ago), large deposits of crystalline salts are found, which may be rich in potassium 
salts, like KCl. These are not found in accessible sites within South Africa, so the potassium salts 
are all imported, mostly from Israel. The chemical industry in South Africa plays no part in the 
supply of this particular macronutrient. 
 
2.5.5 NPK Fertilisers 
 
 A variety of fertilizer products are manufactured and sold to farmers and to the general public. 
Often there are rather strange labels and symbols on the containers, which seem to be telling us 
something – but they do not explain! The NPK fertilizers supply the three macronutrients in various 
proportions. If the label says, for example, “2:3:2” this means (in South Africa!) that the mass ratio 
of N:P:K is 2:3:2. So it is not telling us the proportions of the actual fertilizer compounds (eg 
ammonium nitrate) used to make up the fertilizer mixture. This is very sensible in that the particular 
compounds used are likely to be of less interest to the user than the proportions of the 
macronutrient elements. 
 
 Although most famers may not be able to do so, we can work out the atomic proportions from the 
given mass proportions, by using atomic weights.  
 
Q 2.31 If the mass ratio, N:P:K, in a fertilizer is 2:3:2, what is the atomic ratio?  
 
 Another bit of quantitative information usually appears in brackets after the ratio, as for example in 
2:3:2 (22). This “22” describes the percentage of the total mass of fertilizer which is actually 
fertilizer compounds: the rest is diluting the fertilizer compounds to make it safer for the farmer or 
gardener to use and spread evenly. They are not trying to cheat you by diluting the fertilizer – after 
all they are telling you (in coded language to be sure) that it is diluted.  
 
 
It should be noted that in some countries they use a different labeling system for NPK fertilizers. 
For example, in the USA they would usually interpret a label 2:3:2 as giving the ratio of 
N:P2O5:K2O, not N:P:K. This is also a more old-fashioned description, and is met with in some 
technical literature used in the fertilizer industry. 
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2.6 Case Study IV: Electrochemistry in Industry 
 
2.6.1 Introduction: Electrolytic Processes 
 
 As the sub-title to the topic of Chemical Industry says, the industry makes the chemical 
connections between human needs and natural resources. These chemical connections are made 
by chemical reactions and usually their energy requirements are met by thermal energy. There are 
however occasions where other energy sources are used, namely electrical and radiative. These 
give rise to electrochemical reactions and photochemical reactions, respectively.  In this Case 
Study IV we consider only some examples of electrochemical reactions. 
 
 In Case Study II we already encountered an example of an electrochemical process to produce 
sodium hydroxide, chlorine and hydrogen from aqueous sodium chloride.  There we saw how a 
redox reaction leading to products of higher energy than the reactants was made to take place 
using electrical energy. This is true of all electrochemical reactions: they are redox reactions. 
 Another important electrochemical reaction is that used to produce aluminium from aluminium 
oxide (found as the mineral bauxite, although not in South Africa). This is a very energy-demanding 
reaction, which can be represented by the following balanced chemical equation: 
 

2 Al2O3 (l)  +  3 C (s)  =  4 Al (l)  + 3 CO2 (g) 
 
The aluminium oxide (called alumina in the 
industry) is a solid of very high melting point, but it 
is mixed with an aluminium mineral, cryolite 
(Na3AlF6), to form a solution of lower melting point. 
Nevertheless a high temperature (1 000 0C) is 
required to keep the solution liquid (for simplicity, 
the balanced chemical equation shows Al2O3(l) 
which, strictly speaking, implies it is pure liquid 
alumina).  
 
The carbon shown in the chemical equation is the 
anode material and it is used up as the electrolysis 
occurs.  
 
Aluminium forms at the cathode as a liquid (mp 
660 0C) because of the high temperature of the mixture. It is more dense than the solution, so it 
accumulates at the bottom of the electrolytic cell, where it can be drawn off through a tap at the 
bottom and allowed to cool and solidify into ingots. In South Africa aluminium is produced at 
Richard’s Bay by BHP Billiton, using bauxite shipped from Australia. 
 
 
Q 2.32  (a)  Suggest why aluminium production in South Africa is located at Richard’s Bay.  
 (b)  Why is it not possible to produce aluminium by electrolysis of aqueous 

solutions of aluminium salts? Hint: use a table of standard reduction 
potentials. 

 
 Other important electrochemical processes used in industry include ones used for purification. 
These processes, then often described as electrorefining, are used for example in the purification 
of gold and of copper. 
 
 In this Case Study however we shall devote more time to how chemical industry puts into our own 
hands special little devices to do electrochemical reactions for ourselves! These devices are the 
cells and batteries that we are using all the time, everywhere as convenient energy sources for 
lights, cellphones, hearing aids, computers, motor vehicles, etc.  These cells and batteries are not 
electrolytic ones but galvanic ones. 
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2.6.2 The 1,5 V Zinc-Carbon Primary Cell 
 
 A primary cell is one that cannot be recharged, and the zinc-carbon cell 
is one of the most widely used of this type. It comes in a variety of 
shapes and sizes but whatever the size, if there is one cell it is 1,5 V. 
The size only indicates the capacity of the cell, that is a bigger cell has 
more ingredients and therefore a bigger total charge can be transferred. 
The unit “volt” is equivalent to J/C and this does not change if we change 
the total charge (C).  The same cell may however be found in batteries, 
where two or more of these cells are connected in series. The battery 
then has a voltage which is 2x or 3x, etc the 1,5 V.  
 

 
 
Q 2.33 A 9 V electrochemical device is used in a number of microscale experiments. Explain 

why the correct term for this is “battery” and not “cell”, and how many 1,5 V cells are 
in series in this case.  

 
Two variants of the zinc-carbon cell are manufactured today, the more recent (and more 
expensive) type being called an alkaline cell. The overall cell reaction is represented in the 
balanced chemical equation: 
 

Zn (s)  +  MnO2 (s)  +  H2O (l)  =  ZnO (s)  +  Mn(OH)2 (s) 
 
 Half-reactions can be written for the oxidation and the reduction halves of the overall reaction, but 
these cannot just be found in a typical list of reduction half-reactions which usually relate to 
aqueous solutions. 
 
Q 2.34 (a) Use oxidation numbers to identify which atoms are oxidized and which reduced. 

(b) Use the result from (a) to write oxidation and reduction half-reaction equations. 
 
 The diagram below shows the internal construction of this type of cell. The zinc anode provides an 
outer casing for the cell, although it is also physically protected by a steel casing around it. The 
KOH paste is a dispersion of solid KOH in water. Potassium hydroxide is a very strong base (alkali) 
like NaOH and very soluble in water. Nevertheless the concentration of the KOH is so high that it 
does not all dissolve. When oxidation occurs at the anode, electrons leave the zinc inside surface 
through the negative end cap.  

 
The manganese dioxide is also a solid dispersed in the paste. Where it is in contact with the 
central carbon (graphite) rod, the MnO2 can accept electrons from the rod, and so be reduced. The 
carbon therefore functions just as a conductor of electrons and not as a reducing agent. 

A primary 1.5 V cell 

diagram showing internal construction of an alkaline cell 767
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Q 2.35 (a) What misconceptions might be created from the common name of this type of 
cell – zinc-carbon cell? Why is it called a zinc-carbon cell?  

(b) The diagram shows a “positive cap”. If you examine such a cell it does indeed 
often have + and – signs printed on it somewhere.  What does positive and 
negative mean in this context? Where do the electrons come out of the cell 
and where do they go into the cell? 

 
 All the ingredients of this cell are manufactured: manganese dioxide does occur as a mineral but it 
must be purified for use in cells. 
 
2.6.3 The 2 V Lead-Acid Secondary cell and 12 V Battery 
 
 Almost every car today carries a 12 V lead-acid battery. The description “secondary” indicates that 
this is made of cells that can be recharged, and this feature is essential for use in cars. There are 
many different cells that can be recharged a number of times, but the lead-acid one is almost 
unique (so far) in its being rechargeable so many times and in being able to endure the rough 
treatment it gets inside a motor vehicle engine. Unfortunately lead is relatively scarce and 
expensive, as well as very dense (making the battery heavy) and poisonous (not that it should 
escape into the environment from the battery). When batteries have to be replaced, because they 
cannot be recharged any more, the lead is almost always recycled and reused in new batteries. 
 The following balanced chemical equation represents the reaction inside the cell when it is used: 
 

PbO2 (s) + Pb (s) + 2 H2SO4 (aq)  =  2 PbSO4 (s) + 2 H2O (l) 
 
 The oxidation and reduction half reactions that make this overall reaction are: 
 

Pb (s)  +  HSO4
- (aq)  =  PbSO4 (s)  +  H+ (aq)  + 2 e- 

PbO2 (s)  +  3 H+ (aq)  + HSO4
- (aq)  + 2 e-  =  PbSO4 (s)  +  2 H2O (l) 

 
 Adding these two half reaction equations together gives the overall chemical equation, provided 
you recognize that H+ + HSO4

- is equivalent to H2SO4.  
 
 The diagram below shows the internal construction of a lead-acid cell and battery: 

Diagram of lead acid battery 
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 The sulfuric acid is 
involved in the cell 
reaction, but not in 
the essential redox 
reaction itself. Its 
concentration in a 
freshly-manufactured 
cell or battery is about 
4,5 mol/l, quite a 
hazardous substance 
too! 
 
 
 
 
 
 
Q 2.36 (a) When a cell is used it is often said to discharge. When “flat” it is fully 

discharged. Before using the cell was it filled with charges? And when 
discharged have all these charges gone? Explain what charge and discharge 
mean in this context, and what misconceptions might be associated with 
these terms.  

 (b) When the cell is being recharged what reaction is taking place? Write a 
balanced chemical equation to represent what is taking place.  What would 
you expect to be the minimum applied voltage to make this happen in one 
lead-acid cell?  

 (c) Suppose a voltage much greater than the minimum required is applied, what 
might happen? 

 
 
2.6.4 The Nickel-Cadmium Secondary Cell 
 
 Another popular secondary cell is the nickel-cadmium cell, in which the overall chemical reaction 
is: 
                    2 H2O (l) + Cd (s) + 2 NiO(OH) (s)  =  Cd(OH)2 (s) +  2 Ni(OH)2 (s) 
 
Q 2.37 (a) Use oxidation numbers to identify which atoms are oxidized and which 

reduced.  
(b) Write half-reaction equations to represent the oxidation and the reduction 

half-reactions. 
 
 The cell voltage is 1,5 V approximately, so in this sense the cell is similar to the traditional zinc-
carbon cell; however it is rechargeable. It is quite light in weight but more expensive. It is used in 
consumer devices such as telephones, video camcorders, cordless power tools and emergency 
lighting. 
 
 This is a relevant example with which to introduce the concepts of “stored energy” and cell 
capacity, concepts which are particularly important for applications like emergency lighting. 
 
 The energy “stored” in a cell is described as the product of its voltage and the total charge it can 
transfer. The total charge it can transfer is determined by the size of the cell and the quantities of 
chemicals it contains. As the answers to the previous question should show, 2 moles of electrons 
are transferred per mole of reaction. Hence if a cell is prepared with 1 mole of cadmium and 2 
moles of NiO(OH), then 2 moles of electrons could be transferred. This would be 2 x 9,6485 x 104 
C = 1,930 x 105 C. Hence the energy stored in a cell with these quantities of starting materials 
would be: 

1,5 x 1,930 x 105  =  2,895 x 105 VC  = 2,895 x 105 J 

A lead-acid cell 
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 This is a lot of “stored” energy, because the example cell contained a lot of reactants. 1 mole of 
cadmium (112 g) is far more than most cells designed for consumer use would contain. Once 
again we should be careful about misconceptions: the description “stored energy” makes it sound 
perhaps as if energy is a liquid that can be poured out! It is in fact the total energy change when 
the redox reaction inside the cell goes to completion. Energy is not literally stored in a cell any 
more than energy is stored in petrol. 
 
 The capacity of a cell is the total charge that it is able to transfer as a result of the quantities of 
substances inside it. A common unit in which the capacity is quoted is not however Coulombs (C) 
but Ampere-hours (symbolized on commercially-available devices as Ah, but with units A h). We 
can see that this refers to charge because current x time = charge. Amperes are C/s, so when we 
multiply this by time in hours (3 600 s), we will get a quantity proportional to charge. For example, 
 

1 A h  =  1 C/s  x  3 600 s  =  3 600 C. 
 
 Once again we may note that this is not charge “stored” in the cell; it is charge that can be 
transferred when the cell operates as long as possible. The charge is transferred because a 
chemical reaction can take place in the cell. 
 
Q 2.38 An emergency lighting fixture is labeled as 6 V and 4 AH. With one lamp in use, the 

discharge time is given as 6 h.  
(a) How many nickel-cadmium cells are in the fixture?  
(b) Calculate the charge transferred by the battery in 6 h.  
(c) Calculate the amount of redox reaction taking place during discharge of the 

battery.  
(d) Calculate the minimum mass of cadmium in the battery.  
(e) Calculate the energy “stored” in the battery. 

 
 
2.6.5 The Nickel-Metal Hydride Secondary Cell 
 
 These rechargeable cells (1,4 V) are increasingly being chosen by consumers to use in place of 
the traditional 1,5 V primary cells. Although the initial cost is greater, they are much cheaper in the 
long run because they are rechargeable. The metal hydrides used in these cells are referred to as 
“interstitial” hydrides. The word “interstitial” means something slipped in between. In this case it 
means atoms of hydrogen slipped in between the metal atoms of a solid metal. In chemical 
equations representing the cell reaction below, we give the formula of the metal hydride as MH. 
However this is not a conventional formula: both the metal atom, M, and the hydrogen atom, H, 
should be regarded as having oxidation number 0, because this is not a true compound.  With this 
in mind the following half reactions may be understood: 
 

MH (s)  +  OH- (aq)  =  M (s)  + H2O (l)  +  e- 
NiO(OH) (s)  +  H2O (l)  +  e-  =  Ni(OH)2 (s)  +  OH- (aq) 

 
 The metal represented by the general symbol M may in fact be a metal alloy rather than a pure 
metal, for example with a composition like LaNi5. 
 
Q 2.39 Write a balanced chemical equation to represent the overall cell reaction in a nickel-

metal hydride cell. Identify which atoms are oxidized and which are reduced. 
 
 These rechargeable cells are of interest not only for small devices but also for motor cars. Their 
comparatively low weight and rechargeable nature suits them for this application. The recent 
introduction of hybrid cars, using both a conventional petrol engine and an electrical motor is an 
indication of this potential. Such cars have about half the fuel consumption of traditional vehicles of 
similar performance. 
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Fuel cells have also been suggested for use in motor cars. These cells are not the same as 
rechargeable cells. They use fuel continuously and form redox reaction products continuously. 
They represent a more efficient use of fuels, because direct conversion of “chemical energy” into 
electrical energy and then mechanical energy is more efficient than converting chemical energy 
into thermal energy and then into mechanical energy.  

The Nickel Metal Hydride battery of a Toyota Hybrid Car (courtesy of Toyota Magazine, Japan) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




