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Getting the most from reactants
When designing the practical route required to produce a marketable product, there are several key considerations.
· availability and cost of feedstocks 
· sustainability of feedstocks 
· size of yield 
· formation of side products that can be recycled, used in the process or sold to increase profit
Processes in the chemical industry need to consider the environmental impact of the reactions they are undertaking. Chemical companies must seek to minimise waste by recycling where possible while avoiding either using or producing toxic chemicals.
While waste is often unavoidable, producing waste that can decompose or biodegrade naturally is preferable.
Mole ratio
A balanced chemical equation can be used to show how the quantities of reactants relate to the quantities of products in the reaction. 
Consider the following reaction:
Aluminium can be obtained from aluminium ore (Al2O3) by a process called electrolysis. Oxygen is also produced by this reaction.
[image: Equation: mathbf{2}Al_{2}O_{3}, (aq) rightarrow  mathbf{4}Al,  (s) +  mathbf{3}O_{2}, (g)]The balanced equation for this process is:

· The equation shows you that for every two moles of aluminium oxide oxidised, four moles of aluminium metal are obtained along with three moles of oxygen gas.
· The formula mass of each reactant or product can be used to calculate the reacting masses.





Example – calculating mass of product formed from mass of reactant
[image: Equation: mathbf{2}Al_{2}O_{3}, (aq) rightarrow  mathbf{4}Al,  (s) +  mathbf{3}O_{2}, (g)]Calculate the mass of aluminium formed when 51 g of aluminium oxide are electrolysed.

Step 1
Underline aluminium and aluminium oxide
Step 2
Write the mole ratio underneath them
[image: Equation: mathbf{2}Al_{2}O_{3}, (aq) rightarrow  mathbf{4}Al,  (s) +  mathbf{3}O_{2}, (g)]
                       2               :         4    (can simplify down)
                       1               :         2
Step 3
Find the formula mass of aluminium oxide and aluminium using the formula and masses found in the data book.
[image: Formula for aluminium oxide is Al2O3. Mass of two aluminium atoms is 54 a.m.u. and three oxygen atoms 48 a.m.u. The gram formula mass of Al2O3 is 54 grams plus 48 grams, which equals 102 grams.]Al = 27g




Step 4
102g of aluminium oxide produce 27g of aluminium
102g      27g
To calculate the mass of aluminium formed when 51 g of aluminium oxide are electrolysed we first find what 1g would form, then find for 51g:
102g        27g
1g           27/102 
51g         27/102  x  51  =  13.5g
Molar volume
The molar volume is the volume occupied by one mole of any gas. The same value is obtained for all gases at the same temperature and pressure.
The value of the molar volume will be different for different temperatures and pressures and it is measured in litres per mole [image: Equation: (l,mol^{-1})].
As one mole of every gas will occupy the same volume at a given temperature and pressure, we can use volumes and the molar ratio to calculate volumes of reactants or products.
Consider the following reaction:
[image: Equation: N_{2} (g)  +  3H_{2} (g) rightarrow 2NH_{3} (g) ]Ammonia (NH3), which is both a useful and profitable compound, can be produced in the chemical industry from the relatively cheap reactants nitrogen and hydrogen. The balanced equation for this process is:



Example – usually found in multiple choice section
When 400 cm3 of nitrogen reacts with excess hydrogen, calculate the volume of ammonia that will be produced.
[image: Equation: N_{2} (g)  +  3H_{2} (g)rightarrow 2NH_{3} (g) ]
Step 1
Underline nitrogen and ammonia
Step 2
Write the mole ratio underneath them. 
[image: Equation: N_{2} (g)  +  3H_{2} (g)rightarrow 2NH_{3} (g) ]Looking at the balanced equation, we can see that one mole of nitrogen reacting results in the formation of two moles of ammonia.
[image: Equation: 1,,mole,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,2,,moles  ]


The question does not give us information about the masses involved, but since the products and reactants are at the same temperature and pressure, we know that one mole of each product and reactant will occupy the same volume.

Step 3
The molar ratio of nitrogen to ammonia from the balanced equation is 1:2. This means that if 400 cm3 of nitrogen are used then we will form double that volume of ammonia.
[image: Equation: N_{2} (g)  +  3H_{2} (g)rightarrow 2NH_{3} (g) ]
[image: Equation: 1,,mole,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,2,,moles  ]	
                          400cm3                             800cm3
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[image: ]Working out the volume of product formed from a mass of reactant








Step 1
Underline what you are dealing with – calcium hypochlorite and chlorine.
Step 2
Write the mole ratio
Step 3
Find the gfm of the substance that is dealing in mass – chlorine
(Take into account the mole ratio)
Step 4
Find the molar volume of the substance that is dealing in volume – calcium hypochlorite
(Take into account mole ratio)
Step 5
In this case we are finding the mass of calcium hypochlorite, so under chlorine find the mass needed for 1litre, then find for 0.096l.





[image: ]






[image: ]










[image: ]






2
[image: ]






























Percentage yield
The percentage yield of a chemical reaction is an important consideration in industrial chemistry.
It can be calculated to compare the yield (quantity) of product actually obtained with what could have been obtained in theory, if all of the reactants were converted with no loss or waste.
Obviously total conversion under ideal circumstances will be 100 per cent, but in reality, that will not happen.
The formula for the percentage yield calculation as found in the data booklet is:
[image: Equation: %,yield = frac{{Actual,yield}}{{Theoretical,yield}} times 100%]

The higher the percentage yield is, the more efficient the reaction. 
Esterification and other reversible reactions can never result in 100 per cent conversion of reactants into products.

Example
5 g of methanol (CH3OH, formula mass = 32 g) reacts with excess ethanoic acid (CH3COOH) to produce 9.6 g of methyl ethanoate (CH3OOCCH3, formula mass = 74 g). Calculate the percentage yield.

Step 1
Find the actual yield which is always given in the question.
It says that 9.6g of methyl ethanoate are produced – this is the actual yield.
Step 2
Underline methanol and methyl ethanoate. Write the mole ratio below them.
[image: Equation: CH_{3}OH + CH_{3}COOH rightleftharpoons CH_{3}OOCCH_{3} + H_{2}O]The balanced equation for the reaction shows that one mole of methanol can produce one mole of methyl ethanoate.
[image: Equation: 1,mole,,,,,,,,,,,,,,,,,,,,,,,,,, rightarrow ,,,,,,,,,,,,,,,,,,,,,,,,,,,1,mole]

We ignore ethanoic acid as it is in excess.
Step 3
Work out the theoretical yield from the equation.
[image: Equation: CH_{3}OH + CH_{3}COOH rightleftharpoons CH_{3}OOCCH_{3} + H_{2}O]Underneath the mole ratio, calculate the formula mass of methanol and methyl ethanoate.
[image: Equation: 1,mole,,,,,,,,,,,,,,,,,,,,,,,,,, rightarrow ,,,,,,,,,,,,,,,,,,,,,,,,,,,1,mole]

                  32g                                                   74g
So 32g of methanol should in theory produce 74g of methyl ethanoate, but from the question we have only used 5g of methanol.
We now work out for 1g, then 5g:
                  1g                                                      74/32
                   5g                                                     74/32 x 5 = 11.6g 

Step 4
[image: Equation: %,yield = frac{{Actual,yield}}{{Theoretical,yield}} times 100%]Now that we have the actual yield and theoretical yield we can put them into the equation:


% yield = 9.6/11.6  x  100
           = 83%
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Atom Economy
The atom economy of a chemical reaction is a measure of the percentage of reactants that become useful products.
· Inefficient, wasteful processes have low atom economies.
· Efficient processes have high atom economies, and are important for sustainable development, as they use fewer natural resources and create less waste.
The atom economy of a reaction can be calculated:
[image: Equation: %,atom,economy=frac{mass,of,desired,product,from,equation}{total,mass,of,products,from,equation} times 100]
Example
What is the atom economy for making hydrogen by reacting coal with steam?
[image: Equation: C(s) + 2H_{2}O (g)rightarrow CO_{2} (g) + 2H_{2} (g)]
Step 1
Underline your desired product – Hydrogen
Step 2
[image: Equation: C(s) + 2H_{2}O (g)rightarrow CO_{2} (g) + 2H_{2} (g)]Write the masses of all chemicals below
[image: Equation: mathbf{12},,,,,,,,,,,,,,,mathbf{2}times mathbf{18},,,,,,,,,,,,,,,,,mathbf{44},,,,,,,,,,,,,,,,,,mathbf{2}times mathbf{2}]



Step 3
Work out atom economy of Hydrogen using the equation:
[image: Equation: %,atom,economy=frac{mass,of,desired,product,from,equation}{total,mass,of,products,from,equation} times 100]

%atom economy = 4g /12g + 36g   x100
                         = 8.3%
· This process has a low atom economy and is therefore an inefficient way to make hydrogen. It also uses coal, which is a finite (non-renewable) resource.
· It is possible for chemical reactions with a high percentage yield to have a low atom economy.
· This problem arises when processes have large quantities of unwanted by-products produced.
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Excess
A good way to ensure that one reactant fully reacts is to use an excess of the other reactant. This is financially efficient when one of the reactants is very cheap.
When one reactant is in excess, there will always be some left over. The other reactant becomes a limiting factor and controls how much of each product is produced.
Which reactant is in excess when 0.25 g of magnesium is added to 100 cm3 of 0.1 mol l-1 hydrochloric acid (HCl)?
[image: Equation: Mg + 2HCl rightarrow MgCl_{2} + H_{2}]

Step 1
Underline the chemicals that you have information about in the question – magnesium and hydrochloric acid.
Step 2
[image: Equation: Mg + 2HCl rightarrow MgCl_{2} + H_{2}]Write the mole ratio below each

                              1            :      2
Step 3
Work out the actual number of moles used in the experiment with the information you have in the question:
Magnesium nm = m/gfm                                  hydrochloric acid nm = V x C
                       = 0.25/24.5                                                              = 0.1l  x  0.1
                       = 0.01 moles                                                             = 0.01 moles
Step 4
Now that you have the actual number of moles used for each reactant, we go back to the mole ratio to see which one is in excess:
[image: Equation: Mg + 2HCl rightarrow MgCl_{2} + H_{2}]

                            1       :      2
      1 mole of Mg should react with 2 moles of HCl
                        0.01     :     0.02
If we only have 0.01 moles of Mg it should react with double the number of HCl (0.02 moles), but we only have 0.01 moles of HCl so it is the limiting reactant.
[image: ]Thinking of it the other way round:

                             1      :      2
                        0.005    :       0.01
If we only have 0.01 moles of HCl, it should react with half the number of Mg (0.005 moles), but we have 0.01 moles of Mg so it is in excess by 0.005 moles.
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