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1 The fire triangle (Fig 1.1), shows the three components necessary for combustion. Disrupting 
any one of these components can suppress or extinguish a fire.  
 

 
Fig 1.1 

 
Fire retardants are substances added to materials to reduce flammability by disrupting the fire 
triangle. 
 

For 
Examiners’ 

Use 

    

 (a) Magnesium hydroxide, Mg(OH)2, is an example of an inorganic fire retardant. It undergoes 
thermal decomposition upon heating and releases water vapour in the process.  
 

 

  (i) Write a balanced equation for the thermal decomposition of magnesium hydroxide. 
State symbols are not required. 

………………………………………………………………………………………………… [1] 

 

     

  (ii) With reference to the components in Fig 1.1, suggest one way in which this 
decomposition reaction helps to suppress a fire.   

……………………………………………………………………………………………………  

……………………………………………………………………………………………………  

……………………………………………………………………………………………………  

………………………………………………………………………………………………… [1] 

 

    

  Aluminium hydroxide, Al(OH)3 is also a good fire retardant. It undergoes thermal 
decomposition in the same way as magnesium hydroxide.  
 

 

  (iii) Explain why the thermal decomposition temperature of Al(OH)3 is lower than that of 
Mg(OH)2.  

……………………………………………………………………………………………………  

……………………………………………………………………………………………………  

……………………………………………………………………………………………………  

……………………………………………………………………………………………………  

………………………………………………………………………………………………… [2] 
 

 



3 
 

[Turn over 
 

  (iv) Hence, explain whether Al(OH)3 would be a better fire retardant compared to 
Mg(OH)2. 

……………………………………………………………………………………………………  

……………………………………………………………………………………………………  

………………………………………………………………………………………………… [1]  

 

     

 (b) Halogenated fire retardants often use bromine or chlorine derivatives and they release 
hydrogen halides or halogen radicals upon decomposition which disrupt free radical chain 
reactions that sustain combustions.  
 

 

     

  (i) One method of preparing brominated organic compounds is free radical substitution.  
 
Draw the mechanism for the formation of bromomethane from methane. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[3] 
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  Tetrabromobisphenol A (TBBPA) is a common brominated flame retardant. It can be made 
from bisphenol A (BPA) in a single step reaction, as shown in Fig. 1.2.  
 

 
Fig 1.2 

 

    

  (ii) State the reagent and conditions required to convert BPA to TBBPA. 
 
………………………………………………………………………………………………… [1] 

 

    

   

 
 

Tetrachlorobisphenol (TCBPA) is the chlorinated analogue of TBBPA, where the bromine 
atoms are replaced with chlorine.  
 

 

     

  (iii) Using relevant data from the Data Booklet, explain the difference in strength between 
C–Cl and C–Br.  
 
…………………………………………………………………………………………………… 

……………………………………………………………………………………………………  

……………………………………………………………………………………………………  

……………………………………………………………………………………………………  

…………………………………………………………………………………………………[2] 
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  (iv) Hence, explain whether TCBPA would be a better flame retardant than TBBPA.  
 
……………………………………………………………………………………………………  

……………………………………………………………………………………………………  

…………………………………………………………………………………………………[1] 

 

    

 (c) Despite their effectiveness, halogenated fire retardants such at TBBPA are being phased 
out due to concerns over the release of toxic persistent organic pollutants during fires.  
 
Suggest one reason why Mg(OH)2 is considered a safer alternative to halogenated fire 
retardants. 
 
………………………………………………………………………………………….……………... 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….…………[1] 

 

    

  [Total: 13]  
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2 (a) Lead(II) sulfate, PbSO4, is a sparingly soluble white solid that was historically used as a 
pigment in paints.  

For 
Examiners’ 

Use 

     

  (i) Write an expression for the solubility product, Ksp, of PbSO4, stating its units.  

………………………………………………………………………………………………… [1] 

 

     

  (ii) Calculate the solubility of PbSO4 in pure water, given the value of Ksp is 1.60 × 10–8. 

 

 

 

 

 

 

 

 [1] 

 

     

  (iii) A common method used by early artists to prepare PbSO4 was to mix solutions of 
Na2SO4 and Pb(NO3)2. 

A solution of 0.0200 mol dm–3 Pb(NO3)2 was mixed with an equal volume of Na2SO4 to 
prepare PbSO4. 

Calculate the minimum concentration of Na2SO4 required for PbSO4 to be formed.   

 

 

 

 

 

 

 

 

[2] 

 

    

 

 



7 
 

[Turn over 
 

 (b) Due to the increased awareness of the toxicity of lead compounds, titanium dioxide, TiO2, 
is now widely used as a non-toxic alternative to PbSO4 in white pigments by modern 
artists.  
 

 

    

  (i) Write the full electronic configuration of the titanium ion in TiO2. 

………………………………………………………………………………………………… [1] 

 

     

  (ii) Explain what is meant by the term transition element.  
 
…………………………………………………………………………………………………… 

………………………………………………………………………………………………… [1] 

 

     

  (iii) Explain why TiO2 appears white despite containing a transition element. 
 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………[2] 

 

    

 (c) Copper obtained from the extraction of copper ores is often impure and contains small 
amounts of other metals such as zinc, silver and lead.  
 
To obtain high purity copper for electrical use, impure copper is placed at the anode and a 
pure copper rod is placed at the cathode in an electrolytic cell. The electrolyte used is 
aqueous copper(II) sulfate. 
 

 

     

  (i) Write the half equation for the reaction occurring at the anode for copper. 

………………………………………………………………………………………………… [1] 
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  (ii) Using relevant data from the Data Booklet, explain how zinc and silver impurities are 
removed during the purification process.  

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

………………………………………………………………………………………………… [3] 

 

    

  While the lead impurity was expected to dissolve into the electrolyte as Pb2+ ions, it was 
instead found in the anodic sludge as a compound.  
 

 

  (iii) State the identity of the compound and explain how it was formed.  

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

………………………………………………………………………………………………… [2] 

 

     

   [Total: 14]  
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3 Advanced Oxidation Processes (AOPs) are used to degrade organic pollutants in wastewater 
through the formation of highly reactive hydroxyl radicals (•OH).  
 
Two examples of AOPs are the Fenton reaction and the UV/H2O2 process which generate 
hydroxyl radicals (•OH) from H2O2 that is mixed in with the wastewater.  
 
In the Fenton reaction, hydrogen peroxide reacts with iron(II) ions in acidic solution to generate 
hydroxyl radicals (•OH) as well as hydroperoxyl radicals (•OOH). 
 

For 
Examiners’ 

Use 

 step 1: Fe2+ + H2O2 → Fe3+ + OH– + •OH  

 step 2: Fe3+ + H2O2 → Fe2+ + H+ + •OOH  

 It is known that •OH is much more reactive than •OOH and is mainly responsible for the 
oxidation of organic pollutants.  
 
In fact, •OH is so reactive that it reacts with hydrogen peroxide to form •OOH (reaction 3.1).  
 

reaction 3.1    •OH + H2O2 → •OOH + H2O 

 

   

 (a) Write the overall equation for the Fenton reaction. 

………………………………………………………………………………………….…………[1] 

 

    

 (b) It is said that Fe2+ acts as a catalyst in the Fenton reaction.  

    

  (i) Explain how you can tell that Fe2+ is acting as a catalyst in this reaction.  

………………………..………………………………………………………………….…… 

………………………..………………………………………………………………….……[1] 

 

     

  (ii) State whether Fe2+ acts as a homogeneous or heterogeneous catalyst in the Fenton 
reaction. Explain your answer.  

………………………..………………………………………………………………….…… 

………………………..………………………………………………………………….……[1] 

 

 

     

 (c) Suggest a reason why the Fenton reaction is less effective at high pH values.  

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….…………[1]  
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 (d) Explain, with the aid of a labelled Boltzmann distribution curve, how increasing the 
temperature increases the effectiveness of the Fenton reaction.  

 

 

 

 

 

 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….……..……[3]  

 

    

 (e) It was observed that the effectiveness of the degradation of organic pollutants decreased 
when the concentration of H₂O₂ exceeded its optimal level. 
 
Suggest a reason for this observation.  
 
………………………………………………………………………………………….……………... 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….…………[1] 

 

   

 In the UV/H2O2 process, short wavelength UV C radiation produced by UV lamps penetrates the 
solution and decomposes H2O2 to form hydroxyl radicals (reaction 3.2).  
 
reaction 3.2  H2O2 → 2 •OH 
 

 

    

 (f) State the type of bond fission that occurs in reaction 3.2 when hydrogen peroxide is 
decomposed by UV light to form hydroxyl radicals. 

………………………………………………………………………………………….…………[1] 
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 (g) At times, the wastewater may be turbid due to the presence of suspended particles.  

Explain why the UV/H2O2 process may be less effective in turbid water. 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….…………[1] 

 

 

    

 Table 3.1 compares selected characteristics of the two processes.  
 

Table 3.1 
 

process reagents required pH range byproduct 

Fenton Fe²⁺ and H₂O₂ ~2.8 

 
Fe(OH)3 
sludge 

 

UV/H₂O₂ H₂O₂ 5–9 
 

None 
 

 

 

 

 (h) State one advantage and one disadvantage that the UV/H2O2 process has over the Fenton 
reaction.  
 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….……………... 

………………………………………………………………………………………….…………[2]  

 

     

   [Total: 12]  
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4 (a) The process of rusting begins with the formation of iron(II) hydroxide when iron is exposed 
to air and moisture. The iron(II) hydroxide is further oxidised to iron(III) hydroxide and 
eventually forms iron(III) oxide, Fe2O3, commonly known as rust.  

For 
Examiners’ 

Use 

    

  (i) Explain why the Fe2+ ion is smaller than the Fe atom. 

………………………..………………………………………………………………….…… 

………………………..………………………………………………………………….…… 

………………………..………………………………………………………………….……[1] 

 

     

  (ii) Using relevant data from the Data Booklet, explain why the oxidation of iron to iron(II) 
ions is spontaneous in the presence of air and moisture.    

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

………………………………………………………………………………………………… [2] 

 

     

  (iii) Explain how the formation of Fe(OH)2 causes the actual cell potential to be more 
positive than the value you calculated in (a)(ii). 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

………………………………………………………………………………………………… [2] 
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 (b) A student investigates if lemon juice can be used to clean rusted iron surfaces.  

Lemon juice contains citric acid, a weak acid.  

 

 

     

  (i) Explain what is meant by a weak acid.  

……………………………………………………………………………………………………  

………………………………………………………………………………………………… [1] 

 

     

  (ii) Rust reacts with citric acid to form soluble iron(III) ions. 

Write a balanced equation for the reaction of Fe2O3 with citric acid. Include state 
symbols in your equation. You may use H+ to represent the acid from citric acid.  

………………………………………………………………………………………………… [1] 

 

    

  Subsequently, citrate ions (Cit) act as tridentate ligands and bind to the iron(III) ions to 
form a soluble iron(III) citrate complex, [Fe(Cit)2]x–.  

Fig 4.1 shows the structure of [Fe(Cit)2]x–. 

 

Fig. 4.1 
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  (iii) Give two reasons why Fe3+ is able to form complexes with ligands such as citrate ions.  

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

……………………………………………………………………………………………………  

…………………………………………………………………………………………………… 

………………………………………………………………………………………………… [2] 

 

     

  (iv) State the coordination number of Fe3+ in [Fe(Cit)2]x–.  

………………………………………………………………………………………………… [1] 

 

     

  (v) State the charge on the citrate ligand in [Fe(Cit)2]x–. 

………………………………………………………………………………………………… [1]  

 

     

  (vi) Hence, determine the value of x in [Fe(Cit)2]x–. 

………………………………………………………………………………………………… [1] 

 

     

   [Total: 12]  
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5 (a) Ring strain in cycloalkanes arises when the bond angles in the molecules deviate from 
their ideal tetrahedral angle of 109.5°.  
 
Cyclohexane, C6H12, is considered largely strain free while smaller cycloalkanes like 
cyclopropane, C3H6, experience significant ring strain.  
 
The ring strain represents stored potential energy that contributes to the molecule’s 
enthalpy change of combustion, a factor of significant interest in fuel research aimed at 
identifying high-energy-density compounds. 
 
Table 5.1 shows the enthalpy change of combustion of gaseous cyclohexane and 
cyclopropane. 

Table 5.1 
 

compound enthalpy change of combustion, 

Hc / kJ mol–1 

cyclohexane(g) –3887 

cyclopropane(g) –2091 
 

For 
Examiners’ 

Use 

   

  (i) Write a balanced equation for the complete combustion of gaseous cyclohexane.  

………………………………………………………………………………………………… [1] 

 

     

  (ii) Using the information given in Table 5.1, calculate the average heat released per CH2 
group for gaseous cyclohexane in kJ mol–1 .  

 

 

 

 

 

 

 

[1] 
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  (iii) Using your answer to (a)(ii), calculate the theoretical enthalpy change of combustion 
of cyclopropane, assuming it has no ring strain.  

 

 

 

 

 

[1] 

 

     

  (iv) Hence, calculate the ring strain energy present in one mole of cyclopropane.   

 

 

 

 

 

 

 [1] 

 

    

 (b) An epoxide contains a three-membered ring compound consisting of two carbon atoms 
and one oxygen atom. Since it experiences the same ring strain as cyclopropane, it is 
highly reactive towards nucleophiles. The simplest epoxide is oxirane, C2H4O. 
 
When oxirane reacts with nucleophiles, the ring opens as shown in reaction 5.1. 

 

 

reaction 5.1 
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  (i) When oxirane reacts with NH3 in a 1:1 ratio, compound A (C2H7ON) is formed. 
However, when oxirane reacts with NH3 in a 3:1 ratio, compound B (C6H15NO3) is 
formed.  

Draw the structures of A and B. 

 

[2] 

 

     

  Epichlorohydrin is a useful epoxide used in the manufacture of epoxy resins. It can be 
prepared from 3-chloro-1-propene by a sequence of reactions as shown in Fig 5.1.  

 

 
Fig 5.1 

 

    



18 
 

  (ii) State the reagent and conditions required for step 1. 

………………………………………………………………………………………………… [1] 

 

     

  (iii) State the type of reaction for step 2 and step 3.  

step 2 : ………………………………………………………………………………………… 

 
step 3 : ……………………………………………………………………………...……….…  

[2] 

 

    

 (c) The acid–catalysed hydrolysis of styrene epoxide forms 1-phenyl-1,2-ethanediol as seen 
in Fig 5.2.  

 
 

Fig 5.2 
 

A student proposed that the reaction proceeds via the following mechanism: 
 

 

  step 1: The protonation of the O atom in the epoxide by H+ catalyst. 
 

 

  step 2:  
 

A nucleophilic attack by H2O on the carbon of the epoxide leading to the 
opening of the ring.  
 

 

  step 3:  
 

The deprotonation of the H2O+ group forming the diol and regenerating the H+ 
catalyst. 

 

     

  (i) Based on your understanding of steric hindrance, circle the carbon,  or , on styrene 
epoxide that would be attacked by the H2O nucleophile in Fig 5.2.  [1] 
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  Isotopic labelling is used in kinetic studies to learn about the mechanisms of a reaction. 
H2

18O is a water molecule that contains 18O instead of 16O. The hydrolysis reaction was 
carried out with H2

18O as the nucleophile.  
  

A study of the hydrolysis products revealed that all 18O were incorporated in the -position. 
The conclusion drawn was that a stable carbocation intermediate must have formed before 
the nucleophilic attack by H2

18O.  
 

 

     

  (ii) Suggest the structure of the carbocation intermediate formed and explain why it is 
stable.  

 

 

 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

………………………………………………………………………………………………… [2] 

 

 

    

 (d) Nitrocellulose is produced by reacting cellulose with a nitrating mixture of concentrated 
nitric acid and concentrated sulfuric acid.  
 
Sulfuric acid donates a proton to nitric acid from to form an intermediate, H2NO3

+. This 
intermediate then decomposes to form the nitronium ion, NO2

+. The NO2
+ generated then 

reacts with the alcohol groups of cellulose to form nitrocellulose.   

 

     

  (i) Write the equation for the decomposition of the intermediate to form the nitronium ion. 

………………………………………………………………………………………………… [1] 

 

     

  (ii) Draw the dot-and-cross diagram of the nitronium ion and hence state its shape.  

 

 

 

 

shape:………………………………………. 

[2] 
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  The empirical formula of nitrocellulose is C6H7O11N3. Complete combustion of 
nitrocellulose produces carbon dioxide, water vapour and nitrogen.  
 

 

     

  (iii) Balance the combustion equation of nitrocellulose with the correct stoichiometric 
coefficients.  

 
……..C6H7O11N3

 + …….. O2 → ……..CO2 + ……..H2O + ……..N2 

[1] 

 

     

  (iv) During magic performances, magicians often use nitrocellulose as flash paper to 
produce dramatic flashes of flame without leaving a mess.  
 
Suggest why nitrocellulose is suitable for this purpose.  
 
…………………………………………………………………………………………………… 

………………………………………………………………………………………………… [1] 

 

     

  (v) State two main assumptions of the kinetic theory as applied to an ideal gas.  

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

………………………………………………………………………………………………… [2] 
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  (vi) Complete Table 5.2 by identifying the most significant type of intermolecular force of 
attraction present between each of the gas molecules formed during the combustion 
of nitrocellulose.  

Table 5.2 

Gas most significant intermolecular force of attraction 

CO2 
 

 

H2O 
 

 

N2 
 

 

[2] 

 

     

  (vii) Arrange the three gases, CO2, H2O and N2, in order of increasing deviation from ideal 
gas behaviour at 400 K. Explain your answer.  

 

    

………………….. < ……… ………….. < ………………….. 

 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

…………………………………………………………………………………………………… 

………………………………………………………………………………………………… [3] 

 

     

   [Total: 24]  
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