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1. Carbon oxide sulfide, COS, is obtained by heating together carbon monoxide and gaseous sulfur.

2C0(g) + S8 ==  2COS(g)

State and explain any change that occurs when more carbon monoxide is added to the equilibrium
mixture.

[2]

(Total 2)
2. Weak acids establish a dynamic equilibrium when dissolved in water.
Give brief explanations of what is meant by the following terms.
[2]
Acid
Dynamic equilibrium
(Total 2)
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Halogens and their compounds take part in a wide variety of reactions.

fal

(&)

Give the chemical name of a chlorine-containing compound of commercial or industrial
importance. State the use made of this compound. [

Hydrogen reacts with iodine in a reversible reaction.

Hyg) + Ligg = ZHI{g)
An equilibrium was established at 300K, in a vessel of volume | dm?, and it was found
that 0.311 mol of hydrogen, 0.311 mol of 1odine and 0.011 mol of hydrogen iodide were

present.

(1) Write the expression for the equilibrium constant in terms of concentration, K.

(1]

(1) Calculate the value of K_at 300 K. [1]
K. =

(ui1) What are the units of K_, if any? [1]

(v)  Equilibria of H,. 1, and HI were set up at 500 K and 1000 K and it was found that
the numerical values of K_ were 6.25 % 10~ and 18.5 % 10~ respectively.

Use these data to deduce the sign of AH for the forward reaction. Explain your
reasoning. [3]
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fe)  When concentrated hydrochloric acid is added to a pink aqueous solution of cobalt(II)
chloride, the colour changes to blue.

Cobalt takes part in an equilibrium reaction.
[Co(H,0)]*(aq) + 4CHag) += [CoClg*(aq) + 6HO()

(i)  What is the oxidation state of cobalt in [CoClJ* 7 [1]

(i) What type of bonding is present in [CoCl,]*? [1]

{111) Use the equation to identify the ions responsible for the pink and blue colours
described above. Explain why the colour change occurs when concentrated
hydrochloric acid is added to the pink solution. [3]

(iv) Draw diagrams to clearly show the shape of the [Co(H,0)]** ion and the [CoCl,[*
10n. [2]

[Co(H,0)* [CoCly™

Total [14]
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4, (a) Planners have to ensure a secure supply of energy in the future. It has been suggested that
the use of fossil fuels should be reduced, the use of renewable energy increased and that energy
efficiency should be greatly improved.

By considering both the benefits and the difficulties involved, discuss whether you think that these
suggestions are realistic.

[4] QWC [1]

(b)

Nitric acid is produced by the Ostwald process.

The first stage involves the oxidation of ammonia over a platinum/rhodium catalyst.

—_—

ammonia + oxygen = niiricoxide + water

The graph below shows how the yield of nitric oxide, NO, depends on the temperature
and pressure used in its production.

Yield of NO

600°C
800°C
1000°C

\j

Pressure
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(i) I. State the general variations in this yield with temperature and pressure

[1]

Il. Use the graphs to explain whether the reaction is endothermic or exothermic and whether there
are more moles of gaseous products than reactants.

[4] QWC [1]

(i) Normally the process is carried out at a temperature of around 900 °C.

Suggest why this temperature is used.

(2]

(iii) State the type of catalyst used.

[1]
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(iv) Explain why there has been much research to find a better catalyst.

(2]

(vl The next stage in the Ostwald process is to convert the nitnc oxide to nitrogen
dioxide.

2NO(g) + O,g) —= 2NOJg)  AH=-114kJ mol™

Sketch on the axes below the energy profile forthis reaction, clearly labelling the
enthalpy change of reaction, AH. [2]

Energy

Extent of reaction

(vi) Wrte an expression that connects the enthalpy change of a reaction, AH, with the
activation energies of the forward (E;) and reverse (E, ) reactions. 1]

Total [19]
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5. Ethanol is an important industrial chemical and can be made by the direct hydration of ethene
using a phosphoric acid catalyst.

CH, —=CH,(g) + H,O(g) = CH,CH,OH(g) AH=-46 kT mol™
(g State, giving vour reasons, the general conditions of temperature and pressure required
to give a high equilibrium yield of ethanol in this process. [4]

(3 Using the standard enthalpy change for the reaction above and the standard enthalpy
changes of formation L—i-.Ht';_'j given in the table below, calculate the standard enthalpy

change of formation of gaseous ethanol ]
Compound J.H':';T kT mol™
CH, =—CH;(g) 52.3
H,0(g) 242
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(¢}  Another way of calculating the enthalpy change of a reaction 15 by using average bond
enthalpies. Use the values in the table below to calculate the enthalpy change for the

direct hydration of ethene. [3]
H H H H
| 0 |
C=C T F AN " H—C—0C—0—H
| H H |
H: H H H
Bond Average bond enthalpy / kT mol™
C—C 348
e 612
C—H 412
C— 360
O—H 463

[l (i} Give areason why the calculated walue in /o) 15 different to the actal value,
—46 kT mol™. [

() Explain whether yvour answer to part (1) supports the use of average bond enthalpies
to calculate the energy change for a reaction. [1]
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() Phosphoric acid 1s an example of a heterogeneous catalyst.

Explain the term heferogeneous in this context. [1]
i (i) Sketch on the axes below the energy profile for an exothermic reaction [1]
&
Energy

L J

Extent of reaction

() On the same axes, sketch and label the energy profile if the same reaction 1s carried
out using a catalyst. 1]

Total [16]
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6. Hydrocarbons play an important role in our life today, both as fuels and as raw materials for
the synthesis of a wide range of materials. Most hydrocarbons are isolated from crude oil,
however there is increasing interest in alternative methods of obtaining these molecules.

(a)

(1)

(i)

(iif)

One route to the production of hydrocarbons is the Fischer-Tropsch process, which uses
hydrogen and carbon monoxide as starting materials to produce a range of molecules.
The equation below shows the production of pentane, CsH,,, by this route.

11H,(g) + 5CO(g — CsHjx() + 5H,0()) AH = 1049 kJ mol !

The enthalpies of formation of some of these substances are given in the table below.

Sk Standard enth?i{p}yn?g lf_clarmation, AH?
Hydrogen, H,(g) 0
Carbon monoxide, CO(g) ~111
Water, H,O(1) -286

State the temperature and pressure used as standard conditions. Give units for
each. 2]

TERPETATULE s imss PRESNUFE convnmosimmmasaimamamssiiig

State why the standard enthalpy of formation for hydrogen gas is OkJmol™'.  []]

Use the values given to calculate the standard enthalpy of formation for pentane,
C;H,5(1), in kIJmol . [3]
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(b)  The Fischer-Tropsch process uses a heterogeneous catalyst containing iron.

(i) State what is meant by the term heterogeneous in this context. [1]

(i) Explain how a catalyst increases the rate of a chemical reaction. [2]

(iii) Chemical manufacturers consider catalysts to be a key part of production methods
that have the minimum possible effect on the environment (‘Green Chemistry’).
Give one reason why the use of catalysts reduces the effect on the environment.[1]

(iv) Analternative method of increasing the rate of a chemical reaction is to increase the
temperature. Explain why temperature affects the rate of a chemical reaction. [3]
owc
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(¢) One method of producing the hydrogen gas required for the Fischer-Tropsch process is
to use the reversible reaction below.

CO(g + HO(g —= COyg) + Hi(g AH = -42kJmol !

(i) State and explain the effect, if any, of increasing pressure on the yield of hydrogen
gas produced at equilibrium. [2]

(1) State and explain the effect, if any, of increasing temperature on the yield of
hydrogen gas produced at equilibrium. [2]

(iii) This reaction uses a catalyst based on iron oxide. State the effect of using a catalyst
on the position of equilibrium. ]

Total [19]

7. (a) The combustion of fossil fuels containing sulfur impurities is known to cause acid rain. This
acid rain can cause the erosion of marble statues as the calcium carbonate in them reacts with the
acid in the rain.

Give one other problem caused by acid rain.

[1]

(b) A chemist is developing coatings for marble that will slow down the rate of their erosion by acid
rain. To compare different coatings he uses small model statues, all of which are the same size and
shape as each other. He proposes to measure the rate of reaction by adding acid and measuring the
volume of gas given off at set time intervals.
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(i) Complete the diagram to show the apparatus that could be used to perform this experiment.

[1]

model statue

(i) Explain why it is important that the model statues are the same size and shape as each other

[1]

(i) State two other factors he will need to keep constant if he is to collect valid data.

(2]

(c) One gas that causes acid rain is sulfur dioxide. This gas is used to produce sulfur trioxide in the
Contact Process. The reaction occurring is shown in the following equation.

280,(g) + O,(g) = 2805(g)

(i) State and explain the effect of increasing pressure on the equilibrium yield of sulfur trioxide.

[2]

(i) When the temperature is increased the rate at which equilibrium is reached is increased and the
yield of sulfur trioxide is decreased.
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| State whether this reaction is endothermic, exothermic or neither, giving a reason for your answer.

(2]

Il Explain why increasing the temperature leads to an increase in the rate of reaction.

[3]

Ill To increase the rate of a reaction, a catalyst can be used. Give a different catalysed reaction and
name the catalyst for this reaction.

[1]

(d) Ethanoic acid, CH,COOH, is one of the most familiar compounds used as a flavouring
and preservative for food. Originally ethanoic acid was produced by oxidation of ethanol
by bacteria in the presence of air (route A below). Today there are many other possible
routes and three of these are shown as routes B, C and D below.

Carbon- At
Route containing Conditions Overall equation e
starting materials ceonomy
A ethanol CH,OH + O, =& CH,COOH + H,0 | 76.9%
methanol, 4
2 carbon monoxide Lo CH,0H + CO = CH,COOH L
butane 150°C, 55 atm | 2CH 4 + 50, — 4CH;COOH + 2H,0 | 87.0%
D sugars CeH,05 = 3CH;COOH
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(i) State the atom economy of route D for production of ethanoic acid.

[1]

(i) Route B is the route most commonly used for producing ethanoic acid today for both financial
and Green Chemistry reasons. Apply the principles of Green Chemistry to the information above to
give two reasons why route B is favoured over route C.

(2]

(iii) Route B uses a homogeneous catalyst. State what effect the catalyst will have on the position of
this equilibrium.

[1]

(Total 17)
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fa)  The diagram shows an outline of the Born-Haber cycle for the formation of sodium
iwodide ( Nal) from its elements.

Na'(g) + Tig
'

+417 kJ mol™

,FE_]E;?QI-J enthalpy change of
lattice formation
in kJ mol™

Na(s) + %Ig{s}

—28% kI mol™

Malis)

Use the information giwen to calculate the enthalpy change of lattice formation

(in kJ mol™) of sodium iodide. [2]

(b  Sodium iodide is very soluble in water at room temperature.

{1} Complete the sentence below using the relevant enthalpy terms.
For a compound to be very soluble in water the value of the enthalpy of

. will be greater than the enthalpy of ..o
[1]

(11)  Agqueous solutions of sodium 1odide become yellow in the presence of oxygen due
to the slow production of iodine.

One suggested reason for this is that a low concentration of hydrogen ions in the
solution produces iodine according to the equation below.

4HYaq) + 4IM(aq) + Oyaq) = 2L(aq) + 2ZH,O(l)

Use Le Chatelier's principle to suggest a reagent that you could add, apart from
water, to decrease the amount of yellow lodine present. Explain your choice.  [2]
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fe)  Sodwm chloride and sodium iodide both react with concentrated sulfuric acid to give
the corresponding hydrogen halide e g.

MNal + H‘-_!S[]I4 — NaHSD4 + HI

However, the reaction with sodium iodide continues, giving hydrogen sulfide and iodine
as two of the products. This further type of reaction does not occur when sodium
chlorde is used in place of sodium iodide.

(1)

(1)

Describe what is seen when solid sodium iodide 1s added to concentrated sulfuric

acid. [2]

The following equations show the standard electrode potentials for the CL,/CI” and
I,/T” systems.

L + 2 = 2CT E® = +136V

1, + 2 ® Ir ES = +054V

Use these values to explain why only hydrogen iodide (represented as I' mn the
equation) is able to further react with concentrated sulfuric acid in this way. [2]

fd] The reaction of chlorine with sodium hydroxide sclution gives aqueous sodium
chlorate(I) as one of the chlorine-containing products.

(1)

(i1)

Give the equation for this reaction. [1]
State one use for a solution of sodium chlorate(I). [1]
Total [11]
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9. The decomposition of dinitrogen(IV) oxide into nitrogen(IV) oxide is a reversible reaction that
establishes a dynamic equilibrium.

N,O4 (@ = 2NO,(g) AH = +57 kJ mol™?
pale yellow dark brown

(a) State the meaning of the term dynamic equilibrium.

[1]

(b) The conditions applied to an equilibrium mixture of dinitrogen(IV) oxide and nitrogen(IV) oxide
were changed. For each of the following, state what was seen and explain any change that
occurred.

[5]

Temperature increased

Pressure increased

A catalyst was added

(c) Hydrazine, N2H4, is an unstable liquid that decomposes according to the following equation.
NiH((l) ~——  Ni(@) + 2H»(g)

(i) Calculate the volume of gas that could be obtained from 14 kg of hydrazine.
Assume that the volume of 1 mol of gas is 24.0 dm?

[3]
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(i) Use of hydrazine is as a fuel in rockets. Apart from any energy changes, state one feature of this
reaction that suggests it would be useful in rocket propulsion.

[1]
{d)  Nitrogen (IV) oxide reacts with water.
H.O + 2NO, HNO, + HNO,
Both nitric(lll) acid, HNO,, and nitric(V) acid, HNOs, are described as being acids.
{iy Definean acid. 1
(i) Complete the equation to show nitric(lll) acid behaving as an acid. 1

HNO, + H,0

(iii)  When concentrated nitric(V) acid is mixed with concentrated sulfuric acid the
reaction shown below occurs.

HND3 + HQSDgr EE— H2N03+ + HSD4_

Explain this reaction in terms of acid-base behaviour. [2]

Total [14]
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(a) Name of any commercially/ industrially important chlorine containing compound e.g.
(sodium) chlorate(l) as bleach/ (sodium) chlorate(V) as weedkiller/ aluminium chloride as
catalyst in halogenation

- do not accept CFCs [11
(h) (i) K.= [HIP must be square brackets [11
[Hz][l2]
(i) K=0711 = 13mx i follow through error (ft) 11
3
(iii) K. has no units ft [1]

(iv) when temperature increases K. increases (1)

this means equilibrium has moved to RHS
[ increasing temperature favours endothermic reaction (1)

therefore AH for forward reaction is +ve (1)

(mark only awarded if marking point 2 given) [31
(c) (1) +2 11
(i) co-ordinate/ dative (covalent) [11

(i)  pink is [Co(H,0)sJ** and blue is [CoClsJ* (1)

(ligand is) CI” (1)

(addition of HCI sends) equilibrium to RHS (1) [31
(iv) [Co(H-0)e]** shown as octahedral [with attempt at 3D] (1)

[C0C14]2" shown as tetrahedral/ square planar (1) [21

Total [14]
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(a)

(b)

Benefits:

Stops fossil fuels fromrunning out

Reduces CO. emissions /greenhouseemissions/global warming feffect of
glabal warming

Reduces 5C. emissions /acidrain

Therewill be an investmentin new technology

Difficutties:

Dependence on fossil fuelUnlikely to meet current demand
Renewable energy currently more expensive
Reliability of supply fromrenewables

Major development in energy efficiency technalogies required
Cpposition by vested interests

(Maximuma3 marks framlist, but need examples of both) (3)

Consideration and discussion of benefits/difficulties (1) [4]
CQWC Legibility of text, accuracy of spelling, punctuation and grammar, clarity
of meaning 1]
(i) |  Astemperature increases yield decreases

A5 pressure increases yvield decreases ]

Il Astemperature is increased, equilibriummoves to the left (1)
Therefore forward reaction is exothermic (1)
As pressureisincreased, equilibrium moves tothe left (1)

Therefore more gas moles in products (1) [4]
QWC  The information is organised clearly and coherenthy, using
spedalist vocabulary where appropriate 1]

(ii} If temperature is too low, then reaction is too slow (1)
If temperature istoo high, vield is too low (1)
Compromise temperature — acceptable rate and vield (1)
(Accept any two points) [2]

(i)  Heterogenous catalyst (1]

(iv) Lowertemperatures couldbe used (1)
Less energy consumption/increasedyield (1)
Equilibrium could be reached more quickly (1)

(Accept any two points) [2]

{v)
'
curve (1)
Energy
[2]
Extent ofreaction 3

wi)j AH=E-E. 1]

Total [19]
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(a)

(c)

.lI lI.
! A
'

Low temperature (1)
As temperature is decreased equilibrium moves in exothermic

direction. (1

High pressure (1)

As pressure i1s increased equilibrium moves towards side with
smaller number of gas moles (1) [4]
QWC The information is organised clearly and coherently, using
specialist vocabulary where appropnate 1
AHreaction = AH; products — AH: reactants (1)

-46 = AH; ethanol — (52.3 — 242)

AHg ethanol = -46 — 189.7 (1)

AH ethanol = -235.7 kJ mol CIE

Bonds broken = 1648 + 612+ 926 = 3186 ki mol . (1)

Bonds formed = 2060 + 348 + 360 + 463 = 3231 kJ mol (1)

AH reaction = 3186 — 3231 = 45 kJ mol (1)

[3]
{1 Average bond enthalpies used (not actual ones) [1
(i)  Yes, since answers are close to each other [1]
Catalyst is in different (physical) state to reactants 1

M (i) exothermic reaction [1]

(il) catalysed reaction [1]

-l-"'_.-
|

DU |

i)

Extent of reaction

Total [16]
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@

(if)
(iii)

(b) (i)
(i)

it}

(iv)

€} (D

(i)

it}

Temperature: 298K / 25°C (1) Pressure: 1 atm/ 101.325 kPa or 100 kPa
(1) 2

Hydrogen gas is an element in its standard state (1]
AH = AH; (CcHy3) + 5 AH; (Hz0) — 5 AHy (CO)— 11AH (H2) (1)
AHr(CsHi2) = -1049 - 5 (-286) +5(-111) (1)

AH¢ (CzHyz) = -174 kJ mol™ (1) [3]
Catalyst in different state to reactants [1]

Catalysts provide an altermative route (1) with a lower activation ensngy
1) [2]

Lower temperature or less time so less energy needed / Can make
altemative production method possible with sustainable starting materials
or less waste products [1]
At higher temperatures particles have more energy (1)

More collisions have energy above activation energy (1)

(Carn obtain these fwo marks from correctly labelled Boltzmann energy
distribution plot with two temperature lines (1) and Activafion energy

(1))
Successful collisions occur more frequently (1) — 3 max [3]

QWC: selection of a form and style of writing appropriate to purpose

and to complexity of subject matfer [1]
No effect (1)
Same number of (gas) molecules on both sides of reaction (1) [2]

Lower yield of hydrogen (1)

Reaction shifts in endothermic direction to (try to counteract increase

in temperature) (1) [2]
No effect [1]
Total [19]
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(@)

(b)

)

(d)

killing marine life / killing trees [1
either gas syringe or inverted burette attached to sealed vessel 1
different surface area would affect rate of reaction n
concentration / volume / nature of acid (1)
temperature (1) [2]
increasing pressure will shift the reaction to side with fewer gas molecules (1)
increasing yield of S0; (1) — reason must be given [2]
I increasing temperature shifts equilibrium in endothermic direction (1)

as 50; yield is decreased forward reaction must be exothermic (1) [2]

(if)

(i)

I increasing temperature increases energy of particles (1)
more collisions have energy above activation energy (1)

successful collisions oceur more frequently (1)

can gain first two points from labelled Boltzmann distribution curve [3]

1l e.g. iron in production of ammonia or any valid example

atom economy = 100%

any two points from:

lower pressure used in B (1)

methanol is a renewable starting material (1)
higher atom economy in B or less waste in B (1)

[ignore reference to cost]
2 max

no effect on position of equilibrium

STEMUP.CO.UK
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[2]
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Total [17]
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(a) - 705 (kJ mul'lj (1) for correct sign (1) for correct number [2]
b) (O . MO ..ooooonsnsmpmps
.......................... lattice breaking [1]

(1) e.g. add asmall “‘amount’ of an alkali / sodium hydroxide / NaOH / OH 1ons (1)
this would remove / react with hydrogen 10ns giving water, shifting the position
of equilibrium to the left (removing iodine) (1)
add P6™" / Ag” ect. [2]

(c) (1) Any TWO from
white / misty fumes (of HI)
yellow solid / solution (of sulfur)
brown / black solid / purple vapour (of 10dine)
bubbles / effervescence / fizzing

One mark for each correct response [2]

(11) The values show that chlorine is the best oxidising agent, as it has the most
posifive E? value and therefore iodide is the better reducing agent (1)

and 1s “strong’ enough to reduce the sulfuric acid. / OWTTE (1) 2]

(d) (@ 2NaOH + Cl; — NaOCl + NaCl + H,0 [1]
(11) e.g. bleach, kills bacteria [1]
Total [11]
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(a)

(b)

(c)

(d)

(a reaction in which)the rate of the forward reaction is equal to the rate
of the backward reaction 1]
goes darker / more brown (1)
because the (forward) reaction has a +ve AH / is endothermic (1)
goes paler/ less brown (1)
because there are more moles / molecules on RHS (1)
no change (because catalysts do not affect the position of an equilibnium) (1)
[5]
(1) moles N2Hs=14000/32.04 = 4370 (1)
this produces 437 .0 = 3 =1311 moles of gas (1)

volume = 1311 = 24 =315 = 10¢dm?® (1) [minimum 2 sf] [3]

(i) (large volume of) gas produced [1]
(i) an acid is a proton / H* donor [1]
(i) — NOz= + Ha0* [1]

(iii) sulfuric acid is behaving as the acid / nitric acid is behavingas a
base (1)

as it donates a proton / as it accepts a proton (1) [2]

Total [14]
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