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Unit 3: Chemistry in Society
Key Area: Getting the Most from Reactants
Student Notes

	Name
	

	Class
	


The Chemical Industry
The International Chemical Industry is a major contributor to the quality of our everyday lives. Without this industry, many products that we take for granted would not exist, for example plastics, synthetic fibres, detergents, pharmaceuticals, toiletries, and fuels. 

Industrial processes are designed to maximise ______ and to minimise any negative impacts on the _____________. 
The following factors are considered in the design of an industrial process.
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1. Availability of feedstocks

2. Cost of the feedstock 
3. Sustainability of the feedstock
4. Opportunities for recycling
5. Energy requirements
6. Marketability of by-products
7. Product yield (or atom economy)
Choice of Synthetic Route
Chemicals can be made in a number of different ways. 

A number of factors influence which synthetic route is chosen to manufacture a particular chemical. 
Types of Industrial Process
There are two main types of industrial process used to produce chemicals – batch or continuous. 
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Calculating Reaction Quantities
Making a new product requires chemists to work with chemical equations to allow them to calculate how much product they are likely to make or how much reactant they will require. If these are not accurately calculated, errors could occur which could result in the company making a loss or the working conditions in the Chemical Plant becoming unsafe.
Calculations Involving Mass

The following steps can be used to complete calculations involving mass. This is revision from National 5.
Example 1: Calculate the mass of water produced when 415 g of methane is burned according to the following equation.
CH4 + 2O2 ( CO2 + 2H2O

Step 1: Check that you have the balanced chemical equation for the reaction.
CH4 + 2O2 ( CO2 + 2H2O

Step 2: Identify the two chemicals referred to in the question and write the mole ratio.

CH4    :    H2O
1 mole   :  2 moles
Step 3: Calculate the number of moles of the substance you have been given a mass for.

n = m/GFM =415/16 = 25.9 moles

Step 4: Use the mole ratio to calculate the number of moles of the other substance.
     CH4         :      H2O
  1 mole    :   2 moles

25.9 mol   :   2 X 25.9 mol  

                     = 51.8 mol
Step 5: Calculate the mass of the substance.

m = n X GFM = 51.8 X 18 = 932.4 g

Calculations Involving Volumes and Concentrations

The following steps can be used to complete calculations involving volumes and concentrations. This is revision from National 5.
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Calculate the concentration of hydrochloric acid used if 20 cm3 of it was neutralised by 10 cm3 of 1 mol l-1 sodium hydroxide solution according to the following equation. 

HCl + NaOH ( NaCl + H2O
Step 1: Check that you have the balanced chemical equation for the reaction.
HCl + NaOH ( NaCl + H2O
Step 2: Identify the two chemicals referred to in the question and write the mole ratio.
HCl  :  NaOH

1 mol  : 1 mol 
Step 3: Write down the volumes, in litres, and the concentration under the reactants.
V of HCl = 0.02 l, conc. = ? 

V of NaOH = 0.01 l, concentration = 1 mol l-1
Step 4: Calculate the number of moles of the chemical with the most information using 
n = v x c.
nNaOH = 0.01 X 1 = 0.01 mol
 Step 5: Use the mole ratio to calculate the number of moles of the other chemical.

HCl  :  NaOH

1 mol  : 1 mol 
0.01 mol HCl   :  0.01 mol NaOH
Step 6: Calculate the volume or concentration of the chemical you were asked about. 

CHCl = n/v = 0.01/0.02 = 0.5 mol l-1
Calculations Involving Masses, Volumes and Concentrations
The following steps can be used to complete calculations involving masses, volumes and concentrations. This is revision from National 5.
Calculate the mass of calcium carbonate required to react completely with 300 cm3 of 0.1 moll-1 hydrochloric acid.  
CaCO3 + 2HCl ( CaCl2 + CO2 + H2O

Step 1: Check that you have the balanced chemical equation for the reaction.
CaCO3 + 2HCl ( CaCl2 + CO2 + H2O

Step 2: Identify the two chemicals referred to in the question and write the mole ratio.
CaCO3    :   HCl

1 mol    :  2 mol
Step 3: Calculate the number of moles of the chemical with the most information using n = m/GFM or n = v x c
nHCl = 0.3 X 0.1 = 0.03 of HCl

Step 4: Use the mole ratio to calculate the number of moles of the other chemical.
CaCO3 : HCl
1 mol    :  2 mol

0.03/2 = 0.015 mol    :  0.03 mol
Step 5: Calculate the mass, volume or concentration of the chemical you were asked about. 

mCaCO3 = n x GFM = 0.015 X 100 = 1.5 g

Calculations Involving Gases

In order to carry out calculations involving gases, we must look at the volume occupied by one mole of a gas. This is called the molar volume of the gas.
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Example 1: Calculate the volume occupied by 0.2 mol of carbon dioxide at room temperature and pressure. Take the molar volume of carbon dioxide to be 24 l mol-1.
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          1 mol 

     24 l

[image: image16.png]


       0.2 mol                    4.8 l

Example 2: Calculate the number of moles in 7.2 l of helium. Take the molar volume of helium to be 23.5 l mol-1.
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23.5 l                   1 mol
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     1 l                   (1/23.5) x 1  



  = 0.043 mol

  7.2 l                   0.043 x 7.2




  = 0.31 mol

Example 3: Calculate the volume occupied by 3.2 g of carbon dioxide. In this example take the molar volume of carbon dioxide to be 23.9 l mol-1.






1 mol                  23.9 l 





44g

         23.9 l 






1g

         0.54 l






3.2g

         1.73 l 

Calculating Percentage Yield 

The yield of a chemical reaction is the quantity of product obtained in the reaction. There are two types of yield:

· Theoretical Yield – this is the maximum quantity of product that could be obtained if there was 100% conversion of reactants into products

· Actual Yield – this is the quantity of product that is actually obtained in the reaction.

The actual yield is usually less than the theoretical yield. 

The actual yield can be expressed as a percentage of the theoretical yield. This is called the percentage yield.


Percentage Yield – Worked Example 1
A sample of carbon dioxide weighing 10.7g was obtained from a reaction mixture containing 3.3g of carbon, and excess oxygen. Calculate the percentage yield of carbon dioxide produced using the following equation:



1. In theory, 12g of carbon should yield 44g of carbon dioxide
2. We actually have, 3.3g of ethanoic acid so :
12g




44g

1g




1 x (44/12)






= 3.667g 

3.3g




3.3x 3.667





= 12.1g

3. We now know, that 3.3g of carbon will theoretically yield 12.1g of methyl ethanoate. So we can now calculate the percentage yield of carbon dioxide using the actual yield, 10.7g, and the theoretical yield, 12.1g 





Percentage yield can also be used to help us work out the cost of reactants.
Percentage Yield – Worked Example 2

A sample of methyl ethanoate weighing 6.9g was obtained from a reaction mixture containing 9.0 g of ethanoic acid, excess methanol and a small volume of concentrated sulphuric acid. Calculate the percentage yield of ester using the following equation:




1. In theory, 60g of ethanoic acid should yield 74g of methyl ethanoate

2. We actually have, 9g of ethanoic acid so :

60g




74g

1g




1 x (74/60)






= 1.23g 

9g




9 x 1.23






= 11.1g
3. We now know, that 9g of ethanoic acid will theoretically yield 11.1g of methyl ethanoate. So we can now calculate the percentage yield of the methyl ethanoate using the actual yield, 6.9g, and the theoretical yield, 11.1g 





Key area check test- Percentage Yield

1. What does the phrase ‘theoretical yield’ mean?

2. Write the equation for calculating percentage yield.

3. Identify the theoretical and actual yield from this statement; 


“A student carried out a reaction in which they created and collected Hydrogen gas in a boiling tube by reaction of magnesium and hydrochloric acid. From their working they discovered that 500ml of Hydrogen gas should have been formed, however when they performed their experiment the collected 360ml of the gas”

4. Calculate the percentage yield for the following reaction;

a)  

Cl2 + C4H8 ⇌ C4H8Cl2 
30g of 1,2-dichlorobutane was synthesised from 15g of Butene what was the yield of dichlorobutane?

b) 

N2 + 3H2 ⇌ 2NH3 
4kg of Hydrogen and excess Nitrogen was reacted to make 20kg on Ammonia, what was the yield of ammonia?

Calculating the Atom Economy

The percentage yield tells us how successful the reaction is at converting reactants into products, but it does not give us information on how many by-products are formed. 

A reaction which produces lots of products can be problematic and wasteful. However, a reaction in which most of the reactant atoms end up in the product is desirable. Green Chemistry regulations stipulate that reactions should have the fewest by-products possible. 

We can calculate the quantity of reactants converted into desirable product – this is called the atom economy. A reaction which produces only ONE product MUST have an atom economy of 100%. (all reacting atoms become part of the desired product)



Worked Example

Hydrogen gas can be obtained by reacting methane gas with steam.

CH4 + H2O            CO + 3H2

Calculate the atom economy for this reaction where hydrogen is the desired product. 
CH4 + H2O            CO + 3H2

1. Mass of desired product = 3 X H2 = 3 X 2 = 6 g

2. Total mass of reactants = GFM CH4 + GFM H2O

Total mass of reactants = 16 g + 18 g = 34 g

3. Atom Economy = Mass of Desired Product / Total Mass of Reactants X 100

Atom Economy = 6/34 X 100

Atom Economy = 17.65%

Calculations Involving Excess Reactant 

All of the calculations we have looked at so far have assumed that all reactants actually react to form products. This is not always the case. 

One reactant is usually the limiting reactant, which means that it is completely used up. Other reactants which are not completely used up are said to be in excess. 
If we imagine a simple reaction of squares and triangles, shown below.
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In this example we would say the triangle is the excess reactant and that the square is the limiting reactant.

Example Question
15 g of calcium carbonate were reacted with 50 cm3 of 4 mol l-1 hydrochloric acid.
CaCO3 + 2HCl ( CaCl2 + CO2 + H2O

Show by calculation which reactant was in excess and then calculate the mass of carbon dioxide produced. 
Step 1: Calculate the Number of Moles of Each Reactant (Ignore stoichiometry for now!)
	calcium carbonate
	hydrochloric acid

	n = m/GFM

n = 15/100

n = 0.15 mol
	n = v x c

n = 4 X (50/1000)

n = 0.2 mol


Step 2: Use the Balanced Equation to Work the Excess Reactant
Write the mole ratio of the reactants from the balanced equation.
1 mol CaCO3                2 mol HCl

Substitute in ONE of the actual mol values from Step 1. In this example we are substituting the value for HCl.

0.1 mol CaCO3                0.2 mol HCl

This tells us that 0.2 mol HCl requires 0.1 mol CaCO3 to react. Since we actually have 0.15 mol CaCO3 we can say that the CaCO3 is in excess.
This means that the HCl is the limiting reactant. 


To calculate the mass of carbon dioxide produced, we carry out a calculation from the balanced equation using the limiting reactant. In the above example that was the HCl
2 mol HCl                 1 mol CO2

0.2 mol HCl                  0.1 mol CO2

Then we can calculate the mass of CO2.

mCO2 = n X GFM

mCO2 = 0.1 X 44 = 4.4g
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A feedstock is a reactant that goes into a chemical process. They are usually extracted from raw materials and purified before use. 
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Batch Process: Used to make smaller substances e.g. medications and involves stopping and starting the reactor.





Continuous Process: This type of process runs 24/7 and is used in applications such as the oil industry. 














�





�





When using n = v x c


Volume must be in litres as concentration is measured in mol l-1. Divide a volume in cm3 by 1000 to convert it into litres. 
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Molar Volume : This is the volume occupied by one mole of a gas. The unit is litres per mole, l mol-1
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Percentage Yield 	=  	Actual Yield        x 100


 	    Theoretical Yield  
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Atom Economy: this is the proportion of reactants converted into desirable products.





Atom Economy = Mass of Desired Product x 100


                    	    Total Mass of Reactants


A high percentage atom economy indicates minimal waste in a reaction.
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Limiting Reactant – this is the reactant that is completely used up in a reaction.


Excess Reactant – this is the reactant that is not completely used up in a reaction.
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When a reactant has been identified as being in excess, you do not use it to calculate the mass of any product. The limiting reactant is used to do this. 
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