
Reversible reactions 
 

Some reactions do not go to completion – we don’t get 100% yield because not all of the 
reactants react to form products. 
 

One of the reasons for this is that some reactions are reversible – the products can react to 
form the reactants ! 
 

     e.g. 3 H2 + N2   2 NH3 
 but also        2 NH3    N2 + 3 H2 

 

We use a special symbol to denote a reaction which is reversible:  

   3 H2 + N2 ⇌  2 NH3 

A single arrow in an equation means that the reactants form the products but the products 
can’t react to form the original reactants again. 
 

e.g. CaCO3   CaO + CO2    (thermal decomposition of calcium carbonate) 
 
The double-headed arrow means the reaction can go in either direction 
 

e.g. NH4Cl  ⇌  NH3 + HCl  
  (ammonium chloride reacts to form ammonia and hydrogen chloride 
    and also 
        ammonia and hydrogen chloride react to form ammonium chloride) 



Heat 

NH4Cl   NH3 + HCl 

NH3 + HCl  NH4Cl 

thermal decomposition 

neutralisation 

The forward reaction is a thermal decompostition – ammonium chloride breaks up when 
heated into two simpler substances: ammonia and hydrogen chloride. 
 
The reverse reaction is a neutralisation – the hydrogen chloride is acting as an acid (H+ 
donor) and the ammonia as a base (H+ acceptor). 
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A reversible reaction – the test for water: 
 

White, anhydrous copper sulphate forms blue hydrated copper 
sulphate if water is added. The reaction is reversible. If the crystals 
are heated they turn white as anhydrous copper sulphate is formed. 
 

  CuSO4.5H2O(s)       ⇌          CuSO4(s)                 +   5H2O(l) 

   hydrated    anhydrous +   water 
copper sulphate     copper sulphate 
 

An alternative test for water: 
 

Blue, anhydrous cobalt chloride is also used as a test for 
water – it turns to pink hydrated cobalt chloride if water is 
added.  If the crystals are heated they turn blue again. 
 

CoCl2.6H2O(s)    ⇌          CoCl2(s)          +  6H2O(l) 
   hydrated   anhydrous +   water 
cobalt chloride                   cobalt chloride 



Equilibrium 
 
When reactants are turning into products, and products are  
turning into reactants, a dynamic equilibrium can be set up. 
 
(Think of this as being like a balance-point – the forward  
and reverse reactions becoming balanced.  Running up an 
escalator which is going down at a rate causing you to stay 
in the same place would be one example of a dynamic 
equilibrium.  Adjusting the flow into and out of the pot so 
that the volume of liquid remains the same even though the 
actual liquid is constantly changing, would be another 
example) 

At equilibrium: 
• There will be both products and reactants present in 

a mixture. 
• The rate of products turning into reactants will be 

the same as the rate of reactants turning into 
products. 

• To get an equilibrium, none of the reactants or 
products must escape – you need a closed system. 



How it works: 
The reactants begin to react forming 
products.  The initial rate of forward 
reaction will be fast. 
 

The forward reaction slows down as 
reactants are used up. 
 

Products have now been formed, so 
they begin to react to form 
reactants. The initial rate of the 
reverse reaction is very slow as only 
a few product particles are present. 
 

As more products are formed, the 
rate of the reverse reaction 
increases. 
 

Eventually the rates of forward 
reaction and backward reactions 
become the same. THE REACTIONS 
HAVEN’T FINISHED BUT AN  
EQUILIBRIUM IS SET UP. 



How much is there at equilibrium ? 
 
The amounts of the products and the reactants at equilibrium depends on the conditions 
(e.g. temperature, pressure). 
 
Changing the conditions will change the amounts of reactants and products present in 
the mixture - a new equilibrium gets set up. 
 
We call this changing the POSITION of the equilibrium.  
 
- if changing the conditions causes the position of equilibrium to move in the forward 
direction (to the right) we get more products, less reactants in the equilibrium mixture 
 
 
 
 
 
- if changing the conditions causes the position of equilibrium to move in the backwards 
direction (to the left) we get less products, more reactants in the equilibrium mixture 
 
 

N2  +  3H2     ⇌         2NH3 

N2  +  3H2     ⇌         2NH3 



Making more product at equilibrium 

Whenever we change the conditions, the position of the equilibrium will shift to try and 
oppose the change. 

N.B.  The effect of pressure only 
applies to GASES in the balanced 
equation ! 



Example: 

CH3OH (g) + H2O(g)  ⇌  CO2(g) + 3H2(g) 

This reaction is called steam reforming of methanol. It is used to produce hydrogen, a 
valuable fuel, from an alcohol. 
 
What would be the best conditions of temperature and pressure to get the best yield of 
hydrogen? 
 
Temperature: A high temperature would move the position of equilibrium in the  
  endothermic direction, which is the forward direction, so more products 
  would be made. 
 
Pressure:  There are four moles of gases on the right side of the equation and only 
  two moles of gases on the left side. A low pressure would move the  
  position of equilibrium in the forward direction, making more product. 
 
Catalyst:  A catalyst would speed up the reaction (in both directions) so products 
  would be made sooner. It would have no effect on the position of  
  equilibrium, and hence the yield, only how quickly the product is made. 

endothermic in the forward 
direction 



True or False ?  
 

• All chemical reactions are reversible. 
 FALSE – burning, and rusting, for example, can’t be reversed 

 

• The mass can change if a solid product is formed in a closed system 
 FALSE – all the same atoms are still there, mass is conserved 

 

• Equilibrium can only happen in closed systems. 
 TRUE – a closed system is a requirement for an equilibrium 
 

• In a reversible reaction, reactants can form products and products can form 
reactants. TRUE – this is exactly what does happen 
 

• A ⇌ symbol shows that an equilibrium has been set up. 
 FALSE – it only shows that the reaction is reversible 

 

• Once at equilibrium no more products are formed. 
 FALSE – the reactions happen continuously, so product is still  being 
 made, but it is being used up by the reverse reaction at the same rate. 
 

• Once at equilibrium, the forward and backward reactions stop. 
 FALSE – these reactions continue, but at the same rate 



Industrial Processes 
 

In industry, we want sustainable development – using the 
products as efficiently as possible to minimise use of energy 
(economic) and minimise waste products (environmental). 
 

We can optimise reaction conditions  
to get as much product as possible in  
the reaction mixture, and to do so  
using the minimum amount of energy  
practical. 
 
To do this we need to consider: 

- temperature 
- pressure 
- removing products as they are formed 
- use of catalysts 



Raw materials: 
 - nitrogen (N2) which is obtained from the air  
                                      (by fractional distillation of air) 
 

- hydrogen (H2) which is mainly obtained from the cracking of 
hydrocarbons, or from natural gas   

    and steam:              CH4(g) + H2O(g)  CO(g) + 3 H2(g) 

 
 

 N2(g) + 3 H2(g) ⇌ 2 NH3(g) 
 

nitrogen  +   hydrogen  ⇌    ammonia 

Conditions: 
iron catalyst;  temperature of about 450°C; pressure of about 200 
atmospheres (a fairly high pressure) 

The Haber Process 
for the production of ammonia. 



exothermic 

Energy Changes in reversible reactions 
 

Reversible reactions are exothermic (give out heat) in one 
direction and endothermic (take in heat) in the other. 
 

The same amount (Joules) of heat energy is given out in one 
direction and taken in in the other direction. 
  

 
 

         N2 +  3H2         ⇌       2NH3 
        nitrogen  +  hydrogen         ammonia       
    

endothermic 



Uses of ammonia 

Ammonia is a very important substance, used in huge quantities 
for making nitric acid and for manufacturing products such as: 

•Fertilisers 
 
 

•Explosives 
 
 

•Dyes 
 
 

•Medicines 
 



How the Haber process works: 

By cooling and condensing the ammonia to remove it as a liquid, 

then recycling the unreacted gases: 

• Reactants are used efficiently, not wasted 

• Energy used to make reactants is not wasted 

• A reasonable yield of ammonia is made as quickly as possible 



Why use a temp. of 450ºC for the Haber process ? 
Heat energy is given out when ammonia is formed – the forward 
reaction is exothermic 
 

  N2 + 3H2 ⇌ 2NH3      

 
If we do the reaction at a low temperature then we should get 
more ammonia in the reaction mixture at equilibrium. 
 
BUT the rate of reaction is too slow at low temperatures.  We 
therefore use a moderate temperature as a compromise in order 
to make ammonia quickly enough to be economical. 
 
We also use a catalyst to speed up the reaction rather than more 
heat, so the process is more energy efficient. The catalyst has no 
effect on the %conversion. 

  ΔH is negative 



Why use a pressure of about 200 atmospheres ? 
 
4 moles of gas turn into 2 moles of gas when ammonia is formed: 

  N2 + 3H2 ⇌ 2NH3      less molecules of gas on RHS   

 
If we carry out the reaction at high pressure then we will get more 
ammonia in the reaction mixture at equilibrium. In addition the 
rate of reaction will increase. 

BUT high pressures  
- take a lot of energy to create 
- require greater safety precautions to prevent leaks or  
  explosions.  
 
We therefore use a moderately high pressure as a compromise. 



Raw materials: 
 - sulphur, S, which is obtained from local refineries where it has    
   been recovered from oil and gas (fossil fuels) 
 

- oxygen, O2 which is obtained by drying and compressing air. 

Conditions: 
Vanadium(V) oxide (V2O5) catalyst;  temperature of about 450°C; 
pressure of about 2 atmospheres. 

The Contact Process 

For the production of 
sulphuric acid. 



There are three stages to the process: 
 

Stage 1:  making sulphur dioxide 
 

The sulphur is burnt:         S(l) + O2(g)   SO2(g) 
 
Stage 2:  making sulphur trioxide 
The sulphur dioxide and oxygen are heated to 450°C with the 
vanadium(V) oxide catalyst and pressurised to 2 atmospheres.  An 
equilibrium is formed: 

       2 SO2(g)  +  O2(g)  ⇌  2 SO3(g) 
 

Stage 3:  making sulphuric acid 
The sulphur trioxide goes through a series of reactions to form 
sulphuric acid: 
 

 SO3(g) + H2SO4(l)     H2S2O7(l)      

   

 H2S2O7(l) + H2O(l)   2 H2SO4(aq) 

The sulphuric acid is then 
further diluted to the 
concentration required. 



Uses of sulphuric acid 
 

• Making fertilisers  
    e.g. ammonium sulphate 

 
 
 
 

• Making detergents (including  
    shampoos and liquid soaps) 
 
 

 
• Making paints (to extract the  
    white pigment, titanium oxide  
    from its ores) 



Why use a temp. of 450ºC for the Contact process ? 
Heat energy is given out when sulphur trioxide is formed – the 
forward reaction is exothermic 
 

     2 SO2 + O2 ⇌ 2 SO3      

 
If we do the reaction at a low temperature then we should get 
more SO3 in the reaction mixture at equilibrium. 
 
BUT the rate of reaction is too slow at low temperatures.  We 
therefore use a moderate temperature as a compromise in order 
to make sulphur trioxide quickly enough to be economical. 
 
We also use a catalyst to speed up the reaction rather than more 
heat, so the process is more energy efficient.  

ΔH is negative 



Why use a pressure of about 2 atmospheres ? 
 

3 moles of gas turn into 2 moles of gas when sulphur trioxide is 
formed: 

      2 SO2 + O2 ⇌ 2 SO3     less molecules of gas on RHS   

 
If we carry out the reaction at high pressure then we will get more 
sulphur trioxide in the reaction mixture at equilibrium; in addition 
the rate of reaction will increase. 
 
The conversion of SO2 into SO3 is already so good (99.5%) in this 
case that a higher pressure than 2 atmospheres (which is quite a 
low pressure really) is not needed. 
 
The catalyst has no effect on the %conversion, but helps to speed 
up the reaction, as it would be too slow to be economically viable 
without. 



Alternative raw material 
 

Instead of burning sulphur, another way of making sulphur dioxide is 
to roast a sulphide ore such as iron pyrites in excess air: 
 
       4 FeS2(s) + 11 O2(g)      2 Fe2O3(s) + 8 SO2(g)  

 
Once the sulphur dioxide has been made, the other two stages of the 
Contact Process are the same. 

Iron pyrites 


