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Section 6 – Equilibria – Industrial Chemistry
Reversible Reactions

· A reversible reaction is one in which the same position of equilibrium can be reached by starting with suitable amounts of reactants (on the left) or products (on the right). 

· At equilibrium reactants and products are both present, and their concentrations are constant.

· In a reversible reaction, if the reactants are mixed, their concentrations will fall, rapidly at first, but then more and more slowly, until they settle to their “equilibrium” values. Meanwhile the amounts of products will increase, until they too achieve their equilibrium amounts. The actual values of these amounts depend on the conditions.
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· When equilibrium is reached, the reaction has not stopped: instead, the rate at which the forward reaction is proceeding is exactly balanced by the rate of the reverse reaction
· If the position of equilibrium lies to the left, the concentrations of reactants (the left-hand side of the equation) are higher.

· If the position lies to the right, there will be more of the products.

Changing the position of an equilibrium

Le Chatelier's Principle can be stated in several ways. 
One version is: “If a system is at equilibrium and one of the conditions is changed, the position of equilibrium will alter in the direction which tends to minimise the effect of the change.”

Examples of this are:
Adding a reactant: the amounts of products will have increased, and the increase in concentration of the reactant will be less than expected, because some of the additional amount has been used up.

Increasing the temperature: this causes the equilibrium to shift in the direction of absorption of heat (the endothermic direction). In effect, it takes more heat energy to bring about a given temperature rise, because some of the heat energy is absorbed in changing the position of equilibrium, giving more of the side with the higher enthalpy content.
Decreasing the temperature causes the reaction to shift in the exothermic direction. 

Increasing the pressure: this causes the position of equilibrium to shift towards the side which has the smaller number of gas molecules. If the number of gas molecules on each side is the same [e.g. CO(g) + H2O(g) 
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 CO2(g)  +  H2(g) ] pressure has no effect. 
Adding a catalyst: this speeds up forward and reverse reactions equally, and so it has no effect on the position of equilibrium, but allows equilibrium to be reached more quickly.

Industrial Processes - The Haber process
There is a large demand for nitrogen compounds, for making fertilisers and explosives, but there are no large-scale minerals containing nitrogen compounds. Therefore nitrogen compounds have to be made from nitrogen gas, obtained from the atmosphere. N2 is very unreactive because it contains a very strong triple bond, N(N, and the only suitable reaction to make nitrogen compounds from it, is that with hydrogen (the Haber process).
N2(g)  +  3H2(g)  
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   2NH3(g)

Raw materials for the process

· Nitrogen is obtained from air, by burning methane, to remove oxygen.

· Hydrogen is obtained either by cracking alkanes from oil: 

e.g.


C2H6(g)   (  C2H4(g)  +  H2(g)

or by reaction between methane and steam over a nickel catalyst:



CH4(g)  +  H2O  
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   CO(g)  +  3H2(g)

Obtaining the optimum yield from the process

Using a 1:3 ratio of nitrogen to hydrogen, the percentage yield of ammonia under different conditions is given by the table:

	Pressure/atm
	300oC
	400oC
	500oC
	600oC
	700oC

	1
	2.2%
	0.4%
	0.1%
	0.05%
	0.02%

	10
	14.7
	3.9
	1.2
	0.5
	0.2

	30
	31.8
	10.7
	3.6
	1.4
	0.7

	100
	51.2
	25.1
	10.4
	4.5
	2.1

	200
	62.8
	36.3
	17.6
	8.2
	4.1

	1000
	92.6
	79.8
	57.5
	31.4
	12.9


You will be expected to be able to interpret data tables like this.

Here it is clear that increasing pressure at any one temperature will increase the yield, while at any given pressure increasing the temperature decreases the yield.

Ideal conditions would be high pressure and low temperature.

· Increasing the pressure costs more, and also means a stronger reaction vessel, which is more expensive: typically 200 atm is used.

· While a low temperature is desirable, the rate of reaction is too low. Even with the best catalysts, a temperature of 450oC must be used.

Choice of conditions in industrial reactions depends on minimising costs, and is always a compromise. For example, it may be cheaper to obtain a 60% yield rapidly, than a 99% yield slowly, especially if unreacted gases can be recycled and used again. Sometimes a company will choose a more expensive plant which has lower running costs: whether this is a good idea depends on predicting how interest rates, labour costs and raw material costs will vary over a period of 15-20 years.

Haber Process summary

N2(g)  +  3H2(g)  
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   2NH3(g)


Conditions used :
 200 atmospheres pressure, 





450oC, 





catalyst of finely divided iron.

The ammonia produced is liquefied by cooling and increasing the pressure, and unreacted nitrogen and hydrogen are recycled.

Note that the use of an iron catalyst speeds up the reaction equally in both directions: it therefore increases the rate but does not affect the yield.

Uses of ammonia

Ammonia is an alkaline gas, and by neutralising sulphuric or nitric acids it can be converted into ammonium sulphate, (NH4)2SO4, and ammonium nitrate, NH4NO3:



2NH3    +    H2SO4  
(  (NH4)2SO4




 NH3    +     HNO3
(  NH4NO3



Ammonia is converted to nitric acid by the Ostwald Process.

The first stage of the process involves oxidising the ammoina, by reacting it with air over a hot platinum-rhodium catalyst:



4NH3   +    5O2
(  4NO  +  6H2O   at 850oC

The nitrogen monoxide  then reacts with more air to form nitrogen dioxide, which is then reacted with more air and water to form nitric acid:



2NO   +   O2

(  2NO2


4NO2  +  2H2O  +  O2
(  4HNO3

Nitric acid is the starting point for making ammonium nitrate, as well as manufacture of explosives and dyes.

Fertilisers

When crops are grown repeatedly on the same soil, compounds containing the elements nitrogen, phosphorus and potassium (N, P and K) are removed from the soil. A large increase in yield is obtained if fertilisers containing these elements are added to the soil, and it is nitrogenous fertilisers which have the greatest effect. 

Almost any soluble nitrogen compound may be added as a fertiliser. The commonest ones used are ammonium nitrate, NH4NO3 (N in both NH4+ and NO3– can be used), ammonium sulphate, (NH4)2SO4, and urea, CO(NH2)2.

Because they are not retained by the soil, excess amounts of nitrogenous fertilisers dissolve in rain water and drain off into aquifers, rivers and lakes. This form of water pollution can be harmful if it gets into drinking water.
In rivers and lakes nitrates encourage algae and other water plants to grow, clogging the waterways. When these plants die and rot at the bottom of the water they use up the dissolved oxygen (there is an increased Biochemical Oxygen Demand, or B.O.D.) so fish can no longer live in the water. This process is called eutrophication.
Industrial Processes - The Contact process
Sulphuric acid is produced from Sulphur industrially by a three stage process:

Stage 1 -  Sulphur is burnt in air to form sulphur dioxide.

S   +   O2   (   SO2
Stage 2 - The Contact Process is the main reaction, in which sulphur dioxide is catalytically oxidised to sulphur trioxide by mixing it with air and passing the mixture over a vanadium(V) oxide catalyst at 450oC.
2SO2(g)  +  O2(g)  
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   2SO3(g)

*
As soon as some sulphur trioxide is formed it starts to decompose back to sulphur dioxide and oxygen. As more sulphur trioxide is produced the rate at which it decomposes increases, until there is a balance or equilibrium. At equilibrium the rate of the forward reaction (left-to-right) is equal to the rate of the reverse reaction (right-to-left).

*
One way of increasing the yield of products is to remove them as they are formed. This will prevent products reacting back to form reactants, and so it will displace the equilibrium to the right, leading to a higher percentage conversion of the reactants.

*
Another way of shifting the equilibrium is by changing the pressure (if gases are involved). If the pressure is increased the equilibrium moves to the side with the smaller number of moles of gas. This is the case for the contact process and so the process is carried out at 2 atmospheres of pressure. Although higher pressures would increase the yield further they is would be more expensive.
*
The forward reaction is exothermic (gives out heat), so a low temperature increases the yield, but it must be hot enough to achieve a reasonable rate of reaction. 
Stage 3 - The sulphur trioxide is then passed into 98% sulphuric acid, producing an even more concentrated acid which is then diluted down. The overall reaction is simply SO3 reacting with the 2% water to form sulphuric acid. The reason for performing this reaction in concentrated sulphuric acid is to prevent the formation of a hazardous fog of acid droplets.

SO3   +   H2O   (   H2SO4
Properties of Sulphuric Acid

Pure sulphuric acid is a viscous, dense liquid with a high boiling point (330oC).

Reactions:


(a) With water. The acid reacts to form ions, liberating much heat. Therefore, when diluting sulphuric acid one should always add the acid to water (splashes are dilute), not the other way round:

H2SO24(l)  +  H2O(l)  (  H3O+(aq)  +  HSO4–(aq)
Sulphuric acid is often used as a drying agent to dry gases (but it cannot be used for ammonia, since it reacts with it to form ammonium sulphate).

(b) As a dehydrating agent. The affinity for water means that sulphuric acid can decompose chemical compounds by removing water (or the components of water).


Hydrated copper(II) sulphate crystals turn from blue to white, when left to stand in concentrated sulphuric acid:



CuSO4 .5H2O   (   5H2O   +  CuSO4


          blue
      white


Sucrose (sugar) turns slowly brown then black in an excess of acid:

C12H22O11      (    11H2O   +  12C

Uses of Sulphuric acid
Making ammonium sulphate, for use as a fertiliser.  
NH3  +  H2SO4  (  (NH4)2SO4
Making detergents, paint pigments, and explosives.

used as fertilisers
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