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Introduction


About this book


This textbook covers the specification for the second year of the Edexcel chemistry A level course. The order of topics follows that of the specification. To give students a better understanding of — and feel for — some topics, the content of the book occasionally goes beyond the confines of the A level specification.


Margin comments are provided throughout the book. These comprise valuable reminders and snippets of information, and include tips that clarify what you need to know and common sources of confusion.


This book is not a guide to the practical chemistry that all A level students will study. However, many of the reactions that will be met in the laboratory are detailed throughout.


At the back of the book (p. 324), there is a periodic table that gives relative atomic masses to one decimal place. This should be referred to for atomic numbers, atomic masses and symbols of the elements. The table is similar to the one printed on the back of the examination papers.


Online resources


Each chapter includes ‘Test yourself’ questions. The answers to these are available at https://www.hoddereducation.co.uk/FacerChemistry2. At the end of every chapter are a number of practice questions, including some typical exam-style questions. Answers to the end-of-chapter questions are available as part of George Facer’s Edexcel A Level Chemistry Teaching and Learning Resources. Go to www.hoddereducation.co.uk/dynamiclearning to sign up for a free trial. A practice exam-style paper and multiple-choice tests to print off for students to complete are also available.


Required previous knowledge and skills


All students should be:





•  familiar with the use of a calculator



•  able to change the subject of an algebraic equation



•  able to draw straight-line and curved graphs from supplied data and to extrapolate graphs



•  able to draw tangents to curves and to calculate the slope of the tangent and of straight-line graphs



•  confident in the use of scientific (standard) notation, for example that the number 1234 can be written as 1.234 × 103 and that 1.234 × 10−3 is the same as 0.001234






Scheme of assessment


Students take three theory papers:





•  Paper 1 lasts for 1 hour 45 minutes and has a maximum mark of 90. The questions are based on the inorganic and physical chemistry topics in years 1 and 2 of the course.



•  Paper 2 also lasts for 1 hour 45 minutes and has a maximum mark of 90. The questions are based on the organic and physical chemistry topics in years 1 and 2 of the course.
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Topics 1–10 are in Book 1
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	Paper 1

	Paper 2






	Topic 1 Atomic structure and the periodic table

	Topic 1 Atomic structure and the periodic table






	Topic 2 Bonding and structure

	Topic 2 Bonding and structure






	Topics 3 and 14 Redox I and II

	Topic 3 Redox I






	Topic 4 Inorganic chemistry and the periodic table

	Topic 4 Inorganic chemistry and the periodic table






	Topic 5 Formulae, equations and amounts of substance

	Topic 5 Formulae, equations and amounts of substance






	Topics 8 and 13 Energetics I and II

	Topics 6, 17 and 18 Organic chemistry I, II and III






	Topics 10 and 11 Equilibrium I and II

	Topics 7 and 19 Modern analytical techniques I and II






	Topic 12 Acid–base equilibria

	Topics 9 and 16 Kinetics I and II






	Topic 15 Transition metals

	  









    Both papers 1 and 2 will have at least 10 multiple-choice questions embedded in longer questions.








•  Paper 3 lasts for 2 hours 30 minutes and has a maximum mark of 120. It draws on the entire specification and includes synoptic questions and questions that require recall and understanding of experimental procedures, especially with reference to the core practicals listed in the specification.





Hazard and risk


This book is not intended to be a laboratory manual. All experiments described in this book should be risk assessed by a qualified chemistry teacher before being performed either as a demonstration or as a class practical. Safety goggles and a laboratory coat or apron must be worn in all experiments.


Exam technique


Mark allocation


In all the A level papers the marks for each part of the question are given in brackets. This is a much better guide as to how much to write than the number of dotted lines provided for the answer. If there are 2 marks, two statements must be made. For example, if the question asks for the conditions for a particular reaction and there are 2 marks available, two different conditions must be given, such as solvent, temperature or catalyst.


Alternative answers


Do not give alternative answers. If one of them is wrong, the examiner will not award any marks for this part of the question. If both answers are correct, you would score the mark. However, there is no point in risking one answer being wrong. Beware also of contradictions, such as giving the reagent as concentrated sulfuric acid and then writing H2SO4(aq) in an equation.


Writing your answers


In Edexcel A level chemistry exams, the answers are written in the spaces on the question paper. If part of your answer is written elsewhere on the page, alert the examiner by writing, for example, ‘see below’ or ‘continued on page 5’. Exam papers will be marked online, so question papers and answers will be electronically scanned. For this reason, it is essential not to write outside the borders marked on the page.


Multiple-choice questions


You must put a cross in the box corresponding to your chosen answer. If you change your mind, put a horizontal line through the cross and then mark your new answer with a cross. Be aware that some questions are expressed as negatives — for example, ‘Which of the following is not…?’


In numerical multiple-choice questions, you should just work out the answer and then look to see which option is the same as your answer. Otherwise, read all the options. This will help avoid being misled by a half-correct response.


Writing a tick or cross after the end of each response could help to focus your mind. If you find that you have two ticks, then think about which is really the correct answer.


If you are having difficulty with a question, put a large ring around the question number, leave it and go on to the next question. If you have time, come back when you have finished sections B and C. Remember that you should not spend more than 30 minutes on the multiple-choice section, i.e. one question every 90 seconds. Some questions will take less time than this and others will take longer, especially if a calculation is involved.


Correction fluid, red pens or pencils


Do not use any of these. Mistakes should be crossed out neatly before writing a new answer. Red ink and pencil will not show up when the paper is scanned electronically.



Equations





•  Equations must always be balanced. Word equations never score any marks.



•  Ionic equations and half-equations must also balance for charge.



•  State symbols must be included:







    – if the question asks for them


    – in all thermochemical equations


    – if a precipitate or a gas is produced








•  The use of the symbols [O] and [H] in organic oxidation and reduction reactions, respectively, is acceptable. Equations using these symbols must be properly balanced.



•  Organic formulae used in equations must be written in such a way that their structures are unambiguous.





Stability


‘A secondary carbocation is stable’ has no meaning. ‘Stability’ must be used only when comparing two states or two sets of compounds. You have to know and understand the difference between thermodynamic stability (ΔS and Ecell) and kinetic stability (activation energy and rate of reaction).


Graphs


Normally, there is a mark for labelling the axes. When sketching a graph, make sure that any numbers on the axes are on a linear scale. The graph should start at the right place, have the correct shape and end at the right place. An example is the Maxwell–Boltzmann distribution, which starts at the origin, rises in a curve to a maximum and tails off as an asymptote to the x-axis.


Diagrams of apparatus


Make sure that a flask and condenser are not drawn as one continuous piece of glassware. The apparatus must work. There must be an outlet to the air somewhere in the apparatus. In distillation, the top should be closed and the outlet should be at the end of the condenser. For heating under reflux, the top of the condenser must be open. Never draw a Bunsen burner as the heater. It is always safer to draw an electrical heater, in case one of the reagents is flammable.


Read the question


Questions are often very similar to, but slightly different from, those previously asked. Make sure that you answer this year’s question, not last year’s! Look for the words ‘using your answer to…’ or ‘hence…’. For example, if you have been asked to calculate oxidation numbers and are then asked to ‘hence explain why this is a redox reaction’, your answer must be in terms of changes in oxidation number and not in terms of loss or gain of electrons.


Quality of written communication


The most important thing is for you to convey the meaning clearly, accurately and in a logical order. Minor spelling and punctuation errors will not be penalised as long as they do not distort the meaning. Note the subtle difference between ‘more successful collisions’ (a total number) and ‘more of the collisions are successful’ (a proportion of the number).





1 Equilibrium II (Topic 11)


Some reactions go to completion, and others do not. The latter type of reaction is called a reversible reaction. Physical changes, such as evaporation, are also reversible, for example:


[image: ]


When liquid bromine is mixed with air in a sealed container, a dynamic equilibrium between the liquid and gaseous bromine is reached. Gaseous bromine molecules condense into the liquid at exactly the same rate as bromine molecules evaporate from the surface of the liquid.


Consider the gaseous reaction:


[image: ]


When hydrogen and iodine are mixed in a sealed container at a temperature, T, and left, dynamic equilibrium is eventually reached. At this point, there is no further change in the concentrations of the reactants and products but the reactions have not stopped. The forward and backward reactions are continuing at the same rate.
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Key term


In a dynamic equilibrium, the rates of the forward and reverse reactions are the same. Therefore, there is no further change in the concentrations of the reactants and products.
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The reaction between hydrogen and iodine was studied by Guldberg and Waage in 1864. They mixed different amounts of hydrogen and iodine and allowed the mixtures to reach equilibrium at 480°C. They then measured the concentration of the three substances at equilibrium and tried to find a mathematical relationship between these concentrations. Typical results for this are shown in Table 1.1.
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Square brackets around the symbol of a species mean the concentration, in mol dm−3, of that substance.


[image: ]





The values in the final column are constant to within experimental error so, from these results, it appears that:
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Required year 1 knowledge



The equilibrium constant, Kc




Law of mass action and Kc



The results given in Table 1.1, and those of other equilibrium reactions, enabled Guldberg and Waage to formulate the law of mass action. This states that when reactions reach equilibrium, the equilibrium concentrations of the products multiplied together and divided by the equilibrium concentrations of the reactants also multiplied together, with the concentration of each substance raised to the power appropriate to the reaction stoichiometry, are a constant at a given temperature.


For example, for the reaction:


[image: ]


where [NH3]eq is the concentration, in mol dm−3, of ammonia at equilibrium.


The constant is called the equilibrium constant (measured in terms of concentrations) and has the symbol Kc.


The value of the equilibrium constant depends on:





•  the nature of the reaction



•  the stoichiometry of the equation written



•  the temperature at equilibrium





The value of the equilibrium constant does not change when the concentration of a species or the pressure is altered or if a catalyst is added.


In general, for a reaction:


[image: ]


where x, y, n and m are the stoichiometric amounts in the equation, the value of Kc is given by:


[image: ]


The right-hand side of this expression is called the reaction quotient and given the symbol Q.




[image: ]


Tip


Remember that, in an equilibrium constant expression, the products are on top and the reactants are on the bottom.
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It is important to realise that the equilibrium constant only equals quotient, Q, when the system it at equilibrium.





•  If Q = K, the system is in equilibrium and there will be no further change in concentration of the reactants and products.



•  If Q > K, the system is not in equilibrium and will react to reduce the value of the numerator. Thus products will be converted into reactants (the position of equilibrium will shift to the left).



•  If Q < K, the system is not in equilibrium and will react to increase the value of the numerator. Thus, reactants will be converted into products (the position of equilibrium will shift to the right).







[image: ]


Tip


The numerator is the term on the top of a fraction.
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The chemical equation and the expression for K




Equilibrium constant in terms of concentration, Kc



This is defined in terms of the equilibrium concentrations of the reactants and products of the reversible reaction.


An equilibrium constant has no meaning unless it is linked to a chemical equation. Consider the equilibrium reaction of sulfur dioxide and oxygen reacting reversibly to form sulfur trioxide. This reaction can be represented by two equations and hence by two expressions for the equilibrium constant, Kc. The values given below are at 727°C (1000 K).


[image: ]


or
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Note that [image: ] and that [image: ]
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The reaction can also be written in the other direction, giving a third expression for K:
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Note that [image: ] = 3.57 × 10−4
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The three equilibrium constants are connected by the expression:


[image: ]


The reactions above are all examples of homogeneous reactions.




[image: ]


Key term


A homogeneous reaction is one in which all the reactants and products are in the same phase.
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Gases always mix, so reactions involving only gases are homogeneous. Reversible reactions in solution are also examples of homogeneous equilibria. In such reactions, the concentration terms of all the reactants and products appear in the expression for the equilibrium constant. For example, for the homogeneous reaction:
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Test yourself





1  Write the expression for Kc for the reaction:


    [image: ]
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[H2O] in equilibrium expressions





•  When water is a reactant but not the solvent, the term [H2O] must always appear in the expression for the equilibrium constant.



•  When water is in the gaseous state, [H2O] must appear in equilibrium constant expressions.



•  When water is the solvent, even if it is also a reactant or product, [H2O] does not appear in the expression for the equilibrium constant. This is because its concentration remains constant.







[image: ]


Worked example 1


Write the expression for the equilibrium constant, Kc, for the reaction:


[image: ]


Answer


[image: ]
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[image: ]


Water is a reactant but not the solvent, so [H2O]eq appears in the equilibrium expression.
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Worked example 2


Write the expression for the equilibrium constant, Kc, for the reaction:


[image: ]


Answer


[image: ]
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Water is a reactant and the solvent, so [H2O]eq is omitted from the equilibrium expression.
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Solids in an equilibrium expression


The concentration of a solid cannot alter and so it is left out of an equilibrium expression.




[image: ]


Worked example


Write the expression for the equilibrium constant, Kc, for:


[image: ]


Answer


[image: ]
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Test yourself





2  Write the expression for Kc for the following reaction:





[image: ]
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Year 2 equilibrium



Calculation of Kc from experimental data


A typical question would give the starting amounts of the reactants, the total volume and the percentage that reacted and ask you to calculate the equilibrium constant. The calculation requires the use of a table, as in the worked example below.





•  Write the chemical equation.



•  Construct a suitable table and write in the following:







    – the initial amounts (in moles) of the reactants and of the products if their initial amounts were not zero


    – the amounts by which the reactants and the products change in reaching equilibrium — use the stoichiometry of the equation


    – the amount, in moles, of each substance at equilibrium


    – the equilibrium concentration in mol dm−3 — divide the equilibrium number of moles by the total volume








•  Below the table, write the expression for the equilibrium constant.



•  Substitute the equilibrium concentrations into the expression and calculate its value. At the same time, determine the units of Kc and include them in your answer.







[image: ]


Worked example 1


When 0.0200 mol of sulfur trioxide is placed in a flask of volume 1.50 dm3 and allowed to reach equilibrium at 600°C, 29% of it decomposes into sulfur dioxide and oxygen. Calculate the value of the equilibrium constant, Kc, at 600°C.


Answer


The equation is:


[image: ]
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Note that as 0.0058 mol of sulfur trioxide reacts, 0.0058 mol of sulfur dioxide and [image: ] of 0.0058 = 0.0029 mol of oxygen are produced. This is because the ratio of the three substances in the chemical equation is 2:2:1 or 1:1:[image: ].
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The same method is used when some product, as well as the reactants, is initially present. In this type of question the equilibrium moles of reactants will be less than the initial amounts, but the equilibrium moles of the product will be more than the initial amount.


The units are determined as in worked examples 1 and 2 on p. 8.




[image: ]


Worked example 2


A vessel of volume 2.0 dm3 was filled with 0.060 mol of methane, CH4, 0.070 mol of steam and 0.010 mol of hydrogen and allowed to reach equilibrium at a temperature of T°C. 80% of the methane reacted. Calculate the value of the equilibrium constant, Kc, at this temperature.


Answer


The equation is:


[image: ]
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Note that if 0.048 mol of methane reacts, then 0.048 mol of steam also reacts and 0.048 mol of carbon monoxide and 3 × 0.048 mol of hydrogen are produced. This is because the reaction stoichiometry is 1:1:1:3.
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Worked example 3


Iron(II) sulfate, FeSO4, and silver nitrate, AgNO3, react according to the equation:


[image: ]


To find the equilibrium constant Kc for this reaction, 25.0 cm3 of 0.100 mol dm−3 solutions of iron(II) sulfate, FeSO4, and silver nitrate, AgNO3, were mixed and allowed to reach equilibrium.


The unreacted silver ions were then titrated using a 0.0600 mol dm−3 potassium thiocyanate solution. The titre was 21.00 cm3.


In the titration, the Ag+ ions react in a 1:1 ratio with the thiocyanate ions to form a precipitate of silver thiocyanate. The titration is self indicating — an intense red colour forms with one drop of excess potassium thiocyanate and the iron(III) ions present in the equilibrium mixture.


Calculate:





a  the initial amount (moles) of Ag+ and Fe2+




b  the final amount (moles) of Ag+ and hence the equilibrium amounts of Ag+, Fe2+ and Fe3+




c  the final concentrations of all three ions and hence Kc






Answer





a  initial amount (moles) of Ag+ = 0.100 mol dm−3 × 0.0250 dm3 = 0.00250 mol = initial amount (moles) of Fe2+




b  amount (moles) of thiocyanate in titre = 0.060 mol dm−3 × 0.02100 dm3 = 0.00126 mol = amount of Ag+ at equilibrium = amount of Fe2+ at equilibrium


    amount Ag+ reacted = 0.0025 − 0.00126 = 0.00124 mol = amount Fe3+ formed



c  volume of solution at equilibrium = 0.050 dm3 so:
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This method assumes that the position of equilibrium does not move to the left as the silver ions are removed in the titration. One way to tell would be to repeat the experiment, but pause for 1 minute halfway through the titration and see if the titre alters.
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Tip


[Ag(s)] does not appear in the expression for Kc because it is a solid in a heterogeneous reaction (see p. 4).
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Test yourself





3  Hydrogen and iodine react reversibly to form hydrogen iodide:





[image: ]




    The value of the equilibrium constant, Kc, at 420°C = 49.


    Calculate the percentage of hydrogen that reacts when 1.0 mol of hydrogen and 1.0 mol of iodine reach equilibrium at 420°C in a vessel of volume 50 dm3.





[image: ]






Units of Kc



Care must be taken when evaluating the units of Kc. The simplest way is to look at the equilibrium constant expression and work out the resultant power (dimension) of the concentration, the unit of which is mol dm−3. For example, for the expression:


[image: ]


the dimension of the top line is (concentration)3 and that of the bottom line is (concentration)2. Therefore, the resultant dimension is (concentration)1 which has units of mol dm−3. Therefore, Kc has units of mol dm−3.





[image: ]


Worked example 1


Calculate the units of the equilibrium constant, Kc, for the following equilibrium reaction:


[image: ]


Answer


[image: ]


units of Kc = (mol dm−3)−2 = dm6 mol−2


[image: ]
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Worked example 2


Calculate the units of the equilibrium constant, Kc, for the following equilibrium reaction:


[image: ]


Answer


[image: ]


units of Kc = (mol dm−3)2 = mol2 dm−6


[image: ]
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Tip


The marks awarded in questions that ask for the value of Kc to be calculated are for:





•  calculating the moles of each substance at equilibrium



•  dividing these values by the volume to find the equilibrium concentrations



•  correctly stating the expression for the equilibrium constant



•  correctly substituting equilibrium concentrations into the expression and calculating the value of Kc




•  working out the units (if there are no units, you must state this)





[image: ]





For some reactions the equilibrium constant has no units. This happens when there are an equal number of moles on each side of the equation. In examples like this, you may not be told the total volume, as it will cancel when the value of Kc is calculated.





[image: ]


Worked example


1.00 mol of ethanol and 2.00 mol of ethanoic acid were mixed in a sealed flask at 35°C and formed a homogeneous mixture. They were left to reach equilibrium.


[image: ]


The equilibrium mixture contained 1.15 mol of ethanoic acid. Calculate the value of the equilibrium constant, Kc, at 35°C.


Answer


initial amount (moles) of ethanoic acid = 2.00 mol


number of moles at equilibrium = 1.15 mol


number of moles that reacted = (2.00 − 1.15) = 0.85 mol




[image: ]




where V = the total volume


[image: ]


Kc has no units, as the volume, V, cancels.
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Tip


If the volume is not given, divide the moles by V, which will later cancel out when the concentration values are substituted into the expression for Kc.
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Test yourself





4  Calculate the units of Kc for the equilibrium:





[image: ]
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The equilibrium constant in terms of partial pressure, Kp



The molecules of a gas are in constant and random motion. The pressure of a gas is caused by the frequency and momentum of the collisions of its molecules with the container walls.


In a mixture of gases, every gas molecule contributes to the overall pressure. The sum of the individual contributions equals the total pressure. The contribution of one gas to the total pressure is called the partial pressure of that substance.





The partial pressure of a gas A in a mixture of gases is the pressure that the gas A would exert if it were alone in the container at that particular temperature.





This definition is better expressed as:




The partial pressure of a gas A, p(A), is equal to the mole fraction of gas A multiplied by the total pressure.
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Tip


[image: ]


[image: ]





The sum of the partial pressures of the gases in a mixture equals the total pressure. For a mixture of three gases A, B and C:


[image: ]


The symbol for partial pressure is a lower case p with the identity of the gas in brackets, p(A), or as a subscript, pA. The total pressure is an upper case P.


Dry air is a mixture of 78% nitrogen, 21% oxygen and 1% argon (plus small amounts of CO2 and other gases). The partial pressure of nitrogen when the total air pressure is 1.0 atm is:


[image: ]


When a diver descends to a depth of 10 m, the pressure of the air doubles. The partial pressure of nitrogen is now:


[image: ]


At this higher partial pressure, nitrogen dissolves in the blood. When the diver returns to the surface, the nitrogen comes out of solution. This causes pain and could even result in the death of the diver. This condition is called the ‘bends’. To minimise the problem of the bends, experienced sports divers use an air mixture called ‘nitrox’, which has a lower mole fraction of nitrogen, equal to two-thirds instead of the four-fifths found in ordinary air.


The partial pressure of a gas is a measure of its concentration in the mixture. Therefore, partial pressures can be used to calculate equilibrium constants. The units are those of pressure and not mol dm−3, so the value of the equilibrium constant will be different. The equilibrium constant in terms of pressures is given the symbol Kp.
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Tip


Expressions for either Kp or Kc may be asked for in gaseous equilibria questions.
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The relation between the equilibrium constant, Kp, and partial pressures is similar to that for Kc and concentrations. For a reaction:


[image: ]


The units of Kp are (atm)m + n − x − y.




[image: ]


Test yourself





5  Write the expression for Kp and give its units for:





[image: ]
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To get the correct thermodynamic value of Kp, the total pressure, and hence the partial pressures, must be measured in atmospheres (atm). The reason for this is beyond A level.


The units for Kp can be worked out easily because the dimensions of Kp are obtained from the equilibrium expression.


For the reaction N2(g) + 3H2(g) [image: ] 2NH3(g):


[image: ]


and so the dimensions are:


[image: ]


Hence, the unit is atm−2.


For the reaction:


[image: ]


Kp has no units in this reaction, as the top line is in atm2 and the bottom line atm × atm. The units cancel, leaving Kp as a dimensionless number.


The quotient equals the value of Kp only when the system is in equilibrium, so equilibrium partial pressures must always be used in Kp calculations.


Calculation of Kp from experimental data


The calculation of Kp from experimental data is carried out in a similar way to the calculation of Kc. However, there is an extra step, which is the calculation of the total number of moles at equilibrium. The calculation requires the use of a table, as in the worked example below.





•  Write the chemical equation.



•  Construct a suitable table and write in the following:







    – the initial amounts (in moles) of the reactants and of the products if their initial amounts were not zero


    – the amounts by which the reactants and the products change in reaching equilibrium — use the stoichiometry of the equation


    – the amount (in moles) of each substance at equilibrium; then add these values to find the total number of moles


    – the mole fraction of each gas — divide the equilibrium number of moles by the total number of moles


    – the partial pressure of each gas — multiply the mole fraction of each substance by the total pressure








•  Below the table, write the expression for the equilibrium constant.



•  Substitute the equilibrium concentrations into the equilibrium constant expression and calculate its value. At the same time, work out the units of Kp and include them in your answer.







[image: ]


Tip


Never use square brackets in Kp expressions. Square brackets around a formula mean the concentration, in mol dm−3, of that substance and so must be used only in Kc expressions.
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Worked example 1


Phosphorus pentachloride decomposes on heating:


[image: ]


When some phosphorus pentachloride was heated to 250°C in a flask, 69% of it dissociated and the total pressure in the flask was 2.0 atm. Calculate the value of the equilibrium constant, Kp.


Answer


Assume that the initial volume of PCl5(g) contains 1 mol.
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Tip


When there is only one reactant, you might not be told its initial amount. You must assume that it is 1 mol. You will be told the percentage or the fraction that reacts.
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Tip


Always check that the mole fractions add up to 1.
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Worked example 2 is more complicated because the stoichiometry is not 1:1.
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Worked example 2


One of the reactions by which the gaseous fuel methane, CH4, can be produced is:


[image: ]


Hydrogen and carbon monoxide were mixed in a 3:1 ratio and allowed to reach equilibrium at a temperature of 1000 K. 65% of the hydrogen reacted and the total pressure was 1.2 atm. Calculate the value of the equilibrium constant, Kp.


Answer


Assume that the initial volume of gas is such that there are 3 mol of H2 and 1 mol of CO.
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Total number of moles at equilibrium = 1.05 + 0.35 + 0.65 + 0.65 = 2.7
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Test yourself





6  At 35°C and at a pressure of 1.2 atm, dinitrogen tetroxide, N2O4, is 15% dissociated.





[image: ]




    Calculate the value of the equilibrium constant, Kp.





[image: ]





Finding the percentage converted using a given value of Kc



This type of calculation is difficult. It is required when two reactant molecules react reversibly to form two product molecules. The calculation involves letting the fraction of one substance that reacts equal an unknown, z. A table is used as in the calculation of an equilibrium constant. The value of z is found by taking the square root of the equilibrium expression.




[image: ]


Worked example


The esterification of ethanol with ethanoic acid is represented by the equation:


[image: ]


The equilibrium constant Kc at 25°C is 4.0.


Calculate the percentage of ethanol that is converted to ester when 1.0 mol of ethanol is mixed with 1.0 mol of ethanoic acid in a propanone solvent of volume 1.0 dm3 and allowed to reach equilibrium.


Answer




[image: ]
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Taking the square root of both sides:


[image: ]


z = 0.67, so 67% of the ethanol reacted.


[image: ]
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Tip


Technically the square root of 4.0 is ±2, but negative values of moles are meaningless.
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Heterogeneous equilibria


In all the examples so far, the reactants and products have been in the same phase. Some reversible reactions involve reactants and products in different phases.


There are three physical states — solid, liquid and gas.





•  All gases mix completely. Therefore, a mixture of gases always forms a single phase in which any one part is identical with any other part.



•  A solution of several solutes in water exists in a single phase, also forming a homogeneous mixture.



•  Two liquids mix to form either a single phase or, if they are immiscible, two layers — two liquid phases.



•  Solids that dissolve in a solvent form a single liquid phase.



•  A mixture of a solid and a gas forms two distinct phases.



•  Mixtures of solids are usually in two different solid phases.





In a heterogeneous equilibrium reaction at least one substance is in a different phase from the others. An example of this is the reaction between carbon and steam to form carbon monoxide and hydrogen:


[image: ]




[image: ]


Key term


A heterogeneous mixture is one that exists in two or more different phases.
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The three gases are in the same phase but carbon is in a different phase. The concentration of a solid, such as carbon, is constant and so is left out in the expression for Kc. For the reaction above, the equilibrium constant, Kc, is given by the expression:


[image: ]


Involatile solids have no vapour pressure and so they do not appear in the expression for the equilibrium constant, Kp. For the reaction:


[image: ]


where all partial pressures are equilibrium values.
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Worked example 1


Ammonium hydrogensulfide, NH4HS, decomposes when heated, according to the equation:


[image: ]





a  State the expression for Kp.



b  Calculate the partial pressure of both gases at 50°C and hence the total pressure.





Answer





a  Kp = p(NH3)p(H2S) = 0.142



b  As the reaction produces NH3 and H2S in a 1:1 ratio, p(H2S) = p(NH3)
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Another heterogeneous equilibrium is that between solid calcium hydroxide and aqueous calcium ions and hydroxide ions:


[image: ]


The solid calcium hydroxide is in one phase and the dissolved ions and the solvent are in another. The expression for the equilibrium constant is:


[image: ]




[image: ]


The product of the concentrations of the aqueous ions formed from a sparingly soluble solid is called the solubility product and given the symbol Ksp.
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Worked example 2


The value of Kc for dissolving calcium hydroxide is 5.5 × 10−5 mol3 dm−9 at 25°C. Calculate:





a  the concentration of OH− ions in a saturated solution



b  the number of OH− ions in 1 dm3 of solution





Answer





a  [image: ]









b  number of OH− ions = [OH−] × the Avogadro constant = 0.048 × 6.012 × 1023 = 2.89 × 1022
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Test yourself





7  Write the expression for Kp for the equilibrium:
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Effect of a change in temperature


A change in temperature will always cause a change in the value of K, unless ΔH for the reaction is zero. It is the only variable condition that alters the value of the equilibrium constant for a given reaction.



Exothermic reactions: ΔH negative





•  If the temperature is increased, the value of K decreases.



•  This means that the quotient Q is now larger than the new K, so the position of equilibrium moves to the left until the Q and K are once again equal.






Endothermic reactions: ΔH positive





•  If the temperature is increased, the value of K increases.



•  This means that the quotient Q is now smaller than the new K, so the position of equilibrium moves to the right until the Q and K are once again equal.





The explanation of the change in the value of the equilibrium constant, K, as the temperature is altered is given in Chapter 3 on p. 84.
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Remember that the value of the equilibrium constant is not altered by any change in concentration, pressure or the addition of catalyst. Its value, for a given reaction, depends solely on the temperature.



Effect on the rate of reaching equilibrium


An increase in temperature always results in an increase in the rate of reaction. This is true whether the reaction is exothermic or endothermic. It happens because the molecules possess greater average kinetic energy, so more collisions have energy that is greater than the activation energy. This means that a greater proportion of the collisions result in a reaction.


In a reversible reaction, an increase in temperature increases the rate of the forward and back reactions, but does not do so equally. The endothermic reaction has higher activation energy and so its rate is increased more than that of the exothermic reaction. This is one reason why the position of equilibrium shifts in the endothermic direction when the temperature of the system is raised.


Because the rates of both reactions are increased, equilibrium is reached more rapidly.
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Test yourself





8  State the effect of decreasing the temperature on the equilibrium constant, Kp for:





[image: ]


[image: ]





Effect of change of pressure or volume of the container on gaseous reactions


Effect on the equilibrium constant


Altering the pressure of a gaseous system or the volume of the container has no effect on the value of the equilibrium constant.


Effect on the position of equilibrium


This depends on the number of gas molecules on each side of the equation.


In all the examples below assume that the pressure has been doubled by halving the volume of the container. This will cause the concentrations of all species to double.


The equilibrium involving hydrogen, iodine and hydrogen iodide is an example of a reaction in which the number of gas moles on the left equals the number on the right:
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•  An increase in pressure (caused by a decrease in the volume of the container) has no effect on the value of Kc.



•  The concentration of HI rises by a factor of 2, and so [HI]2 increases by a factor of 4.



•  The concentrations of both H2 and I2 rise by a factor of 2. Therefore, [H2] multiplied by [I2] increases by a factor of 4.



•  Both the top and the bottom lines of the quotient rise by the same factor. Therefore, its value does not change.



•  Neither Kc nor the quotient has altered, thus Kc still equals the quotient. This means that the system is still in equilibrium, so there is no change to the position of equilibrium.





The equilibrium between nitrogen, hydrogen and ammonia is an example of a reaction in which the number of gas moles on the left is more than the number on the right:


[image: ]


Assume that the total pressure is doubled (or the volume of the container is halved):





•  An increase in pressure has no effect on the value of Kc.



•  The concentration of ammonia doubles, so [NH3]2 rises by a factor of 4.



•  [N2] multiplied by [H2]3 rises by a factor of 2 × 23. This is a greater increase than that of the top line of the quotient.



•  The quotient becomes smaller. Therefore, it no longer equals Kc, and the system is no longer in equilibrium.



•  The system reacts to make the quotient bigger until it once again equals the unaltered value of Kc. It does this by hydrogen reacting with nitrogen to make more ammonia, so the position of equilibrium shifts to the right.
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Tip


An increase in pressure will drive the position of equilibrium to the side with the fewer moles of gas.
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An increase in pressure does not alter Kc, but the quotient is lowered as there are fewer gas moles on the right. Therefore, the system reacts to make more ammonia, until the quotient equals Kc once more.




[image: ]


Test yourself





9  State whether the position of equilibrium below moves to the left or right when the pressure of the system is increased. Justify your answer.
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Explanation in terms of Kp



The equilibrium between dinitrogen tetroxide and nitrogen dioxide is an example of a reaction in which the number of gas moles on the left is less than the number on the right:


[image: ]


Assume that the volume of the container is halved, thus doubling the total pressure. This has no effect on the value of Kp but causes the partial pressures of both gases to double and so the quotient increases by a factor of 22/2 = 2 times. It is now greater than Kp and therefore some NO2 reacts to form N2O4 until the quotient regains the value of the unchanged Kp. The position of equilibrium moves to the left.
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Tip


If a syringe is filled with an equilibrium mixture of these two gases and then the plunger is pushed in, the colour at first darkens and then gets lighter. The reason is that the brown NO2 molecules are in a smaller volume, but as equilibrium is slowly re-established the colour of the mixture gets lighter.
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Addition of an inert gas


When pressure is increased by the addition of an inert gas at constant volume, there is no effect on the concentrations of the reactants or products. This is because the number of moles of the reacting species has not been altered and neither has the volume. Concentration is the number of moles divided by the volume. As neither has altered, the concentration remains the same.


The effect can also be explained in terms of Kp. The mole fractions decrease because addition of inert gas increases the number of total moles, but the total pressure increases by the same factor, so the quotient is unaltered. Since neither the value of K nor the value of the quotient changes, the system is still in equilibrium. The position of equilibrium does not change, even though the pressure has been increased.
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Le Châtelier would predict otherwise but he would be wrong!
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Effect on the rate of reaching equilibrium


If the reaction is homogeneous, the rate of collision increases when the pressure is increased. This causes an increase in the rates of the forward and back reactions and so equilibrium is reached sooner.


This is not the case for gaseous reactions catalysed by a solid catalyst. The rate is determined by the number of active sites on the catalyst surface, so an increase in pressure does not alter the rate. The active sites are always occupied unless the pressure falls to an extremely low value. A typical mechanism is:


[image: ]


Biological reactions catalysed by enzymes have similar mechanisms — extra substrate does not increase the rate of the reaction. Eating a chocolate bar will not make you run faster, but getting ‘psyched up’ will, as this causes you to produce adrenaline, which triggers the production of more enzyme.


Effect of change of concentration of one species


Effect on the equilibrium constant


Altering the concentration of a reactant or product has no effect on the value of the equilibrium constant.


Effect on the position of equilibrium


The equilibrium involving sulfur dioxide, oxygen and sulfur trioxide is represented by the equation:


[image: ]


The percentage conversion of sulfur dioxide to sulfur trioxide can be increased by adding more oxygen. Addition of extra oxygen to the system in equilibrium does not alter the value of Kc but causes the quotient, Q, to become smaller. Therefore, it no longer equals Kc. The system reacts, making more SO3, until equality is regained. This means that a greater proportion of sulfur dioxide is converted to sulfur trioxide.
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Worked example


State and explain the colour change that occurs when alkali is added to a solution containing dichromate(VI) ions.


Answer


[image: ]


The addition of alkali does not alter the value of Kc but it removes H+ ions, making [H+] smaller. This reduces the value of the quotient, which no longer equals Kc. Therefore, dichromate(VI) ions react with water to form chromate(VI) ions until the quotient once again equals Kc. The equilibrium position shifts to the right, so the solution turns yellow.
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Effect of adding a catalyst





•  A catalyst has no effect on either the value of the equilibrium constant or the quotient and so has no effect on the position of equilibrium.



•  A catalyst speeds up both the forward and the back reactions equally. Therefore, equilibrium is reached more quickly.





Catalysts are used in exothermic industrial processes so that a faster rate can be obtained at a lower temperature. For an exothermic reaction this results in an increased yield, compared with the same reaction carried out at the same rate but at a higher temperature in the absence of a catalyst.


The cost of heating to a high temperature can always be partially recovered by the use of heat exchangers. High pressure is expensive, not only in the energy costs of compression, but also in the extra cost of a plant that will withstand the high pressure.


Industrial and pharmaceutical processes


The aim is to:





•  maximise the percentage conversion of reactants to products (increase the equilibrium yield)



•  make this amount of product as quickly as possible (fast rate of reaction)



•  keep the costs as low as possible



•  have as high an atom economy as possible





The chemical industry frequently uses a continuous flow method of production. The reactants are added continuously at one end of the plant and the products are removed continuously at the other. It is not truly an equilibrium system because it is not closed, but the reactants are in the presence of the catalyst for long enough for the principles of equilibrium to be useful when deciding on optimum conditions. This type of process is particularly effective when gases react in the presence of a solid catalyst.


The pharmaceutical industry uses a batch process — the reactants are added together in a reaction vessel. When the reaction is complete, the products are separated from any catalyst, the solvent and any unused reactants. The catalyst is often bonded to resin particles so that it can be removed easily from the reaction mixture and re-used.



The Haber process


The chemical reaction is:
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The conditions are:





•  temperature of 400°C to 450°C (673 K to 723 K)



•  pressure of 200 atm



•  catalyst — iron promoted by traces of aluminium and potassium oxides






Effect of temperature


The reaction is exothermic. Any increase in temperature reduces the value of the equilibrium constant, K, and hence the yield. Figure 1.2 shows how the value of lnKp and hence Kp falls dramatically as the temperature is increased.
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At first sight, it would appear that the Haber process should be carried out at room temperature, but then the rate would be so slow as to be effectively zero and almost no product would be formed. A high temperature would result in a low yield being achieved quickly; the rate at a lower temperature would be so slow that the reaction would not approach equilibrium. To overcome these problems, an iron catalyst is used. This allows the reaction to take place at a reasonable rate at a temperature of 700 K, which is a compromise temperature of a reasonable yield at an economically acceptable rate.


Effect of pressure


At 400°C, the equilibrium constant, Kp, is 3.9 × 10−4 atm−2, so the yield at 1 atm pressure is low. Fritz Haber understood the principles of equilibrium and realised that high pressure would increase the yield (Figure 1.3). His co-worker, Carl Bosch, designed apparatus that could work at 200 atm pressure.
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An increase in pressure does not alter the value of the equilibrium constant, but it causes the partial pressure expression to become smaller. This means that Kp no longer equals the partial pressure expression (the quotient), so the system reacts making more ammonia until the quotient once again equals the value of the equilibrium constant. This means that the position of equilibrium shifts to the right.


The rate of reaction is not altered by increasing the pressure, as the rate is controlled by the availability of the active sites on the surface of the catalyst (see p. 177).


Even under these conditions only about 30% of the hydrogen is converted to ammonia. This is because the rate of reaction is still too slow for equilibrium to be reached in the catalyst chamber.


To obtain an economic overall yield, the ammonia is removed by cooling the gases leaving the catalyst chamber. The ammonia liquefies and is separated from the unreacted nitrogen and hydrogen, which are then recycled through the catalyst chamber. In this way almost all the hydrogen is eventually converted to ammonia.
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As there are more molecules on the left-hand side of the equation, the bottom line of the partial pressure expression increases more than the top line. This makes the quotient, Q, smaller and temporarily less than Kp.
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The process enables nitrogenous fertilisers to be manufactured cheaply. Haber and Bosch were awarded the Nobel prize for their work.
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The choice of optimum conditions based on an understanding of the principles of kinetics and equilibrium is an example of ‘How Science Works’.
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The Contact process


The crucial step in the manufacture of sulfuric acid is:


[image: ]


The conditions are:





•  temperature of 425°C (698 K)



•  pressure of 2 atm



•  catalyst — vanadium(V) oxide, V2O5







Effect of temperature


The reaction is exothermic, so an increase in temperature decreases the value of Kp.


Figure 1.4 shows how lnKp varies with temperature.
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The value of Kp for this reaction, under the conditions of the Contact process, is about a billion times larger than that of the reaction in the Haber process.


To ensure that the reaction is fast enough to be economic at a temperature of 698 K, a catalyst of vanadium(V) oxide is used. A higher temperature would mean a lower yield and a lower temperature would mean an uneconomic rate. The temperature used is a compromise that produces a high yield quickly.


At a pressure of 2 atm and a temperature of 698 K, the equilibrium mixture contains 95% sulfur trioxide.



Effect of pressure


As there are more molecules on the left-hand side of the equation, an increase in pressure would drive the equilibrium to the right.


However, the yield is high anyway and the use of high pressure is expensive in terms of both the energy required to compress the gases and the extra cost involved in making the plant able to withstand the high pressure. It does not make economic sense to increase the yield further by using high pressure.
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The reason for this is the same as for the Haber process.
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However, a pressure greater than 1 atm must be used in order to drive the gases through the plant, so the air and sulfur dioxide are compressed to about 2 atm. Under these conditions, the equilibrium yield is over 95%.


Final yield and pollution


It would be a waste of raw materials if unreacted sulfur dioxide were released into the atmosphere and it would also cause considerable atmospheric pollution. A higher final yield is obtained by passing the gases from the catalyst chamber into concentrated sulfuric acid, which absorbs the sulfur trioxide from the equilibrium mixture. The unreacted sulfur dioxide and air are then passed back through another bed of catalyst where a further 95% conversion takes place. The result is that the gases released into the environment contain only slight traces of sulfur dioxide.


The gases are passed through the first catalyst bed at a temperature of 698 K (Figure 1.5). As the reaction is exothermic, the gases heat up to about 900 K and the conversion is only 60%. The gases are then cooled to 700 K and passed back through another bed of catalyst. The conversion is now 95% and the mixture of sulfur trioxide, sulfur dioxide and oxygen is passed through a tower containing concentrated sulfuric acid. The sulfur trioxide forms oleum, H2S2O7, and the remaining gases are passed through another catalyst bed. The overall conversion of sulfur dioxide is 99.5%.
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[image: ]


The sulfur trioxide reacts with the concentrated sulfuric acid to form oleum, H2S2O7. Water is added carefully and sulfuric acid is formed.
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The extraction of methane from methane hydrate


A possible future source of methane is deposits of methane hydrate (see p. 183 of the year 1 student book). These are found either in the oceans on some continental shelves or in permafrost in the polar regions. Methane can be extracted by bringing the solid methane hydrate to room temperature and pressure. It has been estimated that the total oceanic methane hydrate reservoirs contain about eight times that in the known deposits of natural gas.


[image: ]


It can be seen from the equation that either a reduction in pressure or an increase in temperature will drive this equilibrium to the right, releasing methane gas from the solid methane hydrate.


The extraction of methane from shale deposits


The shale in many deposits contains adsorbed methane. This can be extracted by drilling down to the shale and then pumping in water and sand under high pressure. The water forces out the methane and the sand keeps the cracks in the shale open.
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Summary





•  An increase in temperature of an exothermic reaction will result in a decrease in equilibrium yield.



•  An increase in temperature of an endothermic reaction will result in an increase in equilibrium yield.



•  A decrease in temperature will result in a lower rate of reaction, so a catalyst and a compromise temperature may be used to optimise rate and yield.



•  An increase in pressure will drive the equilibrium to the side of the equation with fewer gas molecules. However, the use of high pressure is expensive.



•  Unreacted reactants are recycled to improve the final yield, to conserve raw materials and to reduce environmental pollution.



•  Many industrial processes are not true equilibrium systems because the products are removed.





Summary tasks


Make sure that you:





•  can define dynamic equilibrium



•  can write expressions for the equilibrium constant given the chemical equation



•  know when to include [H2O] in an expression for Kc




•  regard [solid] in a heterogeneous equilibrium as a constant and so omit it from expressions for K




•  can define mole fraction and partial pressure





Make sure that you can calculate:





•  Kc and Kp from experimental data



•  the units of K






Make sure that you can explain the effect on K (if any) and the position of equilibrium when:





•  the temperature is altered



•  the pressure is increased



•  the concentration of a reactant or product is altered



•  a catalyst is added






Questions





1  Kc = 40 mol−1 dm3 at 250°C for the reaction:
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    Calculate the value of Kc, at 250°C, for the reaction:
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2  Sulfur trioxide was heated to 700°C in a vessel of volume 10 dm3 and allowed to reach equilibrium:
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    The equilibrium mixture was found to contain 0.035 mol sulfur trioxide, 0.044 mol sulfur dioxide and 0.022 mol oxygen. Calculate the value of the equilibrium constant, Kc, at 700°C.








3  Partition experiments can be used to find the formula of the deep blue ammonia/copper(II) complex ion.


    100 cm3 of a solution of copper sulfate containing 0.010 mol of Cu2+(aq) ions was added to 100 cm3 of a solution of ammonia containing 0.100 mol of ammonia. The following reaction took place:
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    This solution was shaken with 100 cm3 of ethoxyethane and the dissolved ammonia became distributed between the aqueous and the organic layers. The partition constant of ammonia between water and ethoxyethane is 30.
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    The organic layer was found to have an ammonia concentration of 0.0194 mol dm−3.


    Calculate:







    a) the concentration of ammonia in the aqueous layer


    b) the amount (in moles) of ammonia in each layer and hence the total amount (in moles) of free dissolved ammonia


    c) the amount (in moles) of ammonia that reacted with the copper ions


    d) the ratio of reacted ammonia to copper ions and hence the formula of the ammonia/copper(II) complex ion








4  1.00 mol of methane, CH4, and 2.00 mol of steam were mixed in a vessel of volume 10 dm3 and allowed to reach equilibrium at 1200 K:





[image: ]




    Analysis of the equilibrium mixture showed that 0.25 mol of methane was present.







    a) Write the expression for the equilibrium constant, Kc.


    b) Calculate the value of the equilibrium constant, Kc, at a temperature of 1200 K.








5  The ester dimethyl ethanedioate is hydrolysed by water:
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    11.8 g of dimethyl ethanedioate were mixed with 5.40 g of water and allowed to reach equilibrium. 75% of the ester reacted and the total volume was 15.0 cm3. Calculate the value of the equilibrium constant, Kc, at the temperature of the experiment.








6  Write the expression for Kp for the following reaction:
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7  Silver carbonate decomposes according to the equation:





[image: ]




    Calculate the partial pressure of carbon dioxide at 500°C.
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Exam practice questions





1  a) Hydrogen is manufactured from methane by the reaction:
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        i) The expression for Kc for this reaction is:







            A  [image: ]



            B  [image: ]



            C  [image: ]



            D  [image: ]






(1)




        ii) When 1 mol of methane and 1 mol of steam were allowed to reach equilibrium in a vessel of volume 50 dm3 and at a temperature T, 76% of the methane was converted. Calculate the value of Kc at this temperature. Include units in your answer.


(5)







    b) Explain the effect on the values of the equilibrium constant, K, and on the yield, of an increase in:







        i) pressure


(3)


        ii) temperature


(3)





(Total 12 marks)





2  a)  i) Methanol, CH3OH, can be made by passing carbon monoxide and hydrogen over a heated zinc oxide and chromium(III) oxide catalyst:







            [image: ]








            When 0.100 mol of carbon monoxide and 0.300 mol of hydrogen were heated to 400°C in a vessel of volume 10 dm3, equilibrium was reached after 30% of the carbon monoxide had reacted. Calculate the value of the equilibrium constant, Kc.


(4)







        ii) The expression for Kc for the reaction







            [image: ]






(1)




            is:







            A  [image: ]



            B  [image: ]



            C  [image: ]



            D  [image: ]








    b) Kc = 1.0 at 1100 K for the reaction:







        [image: ]








        1.5 mol of carbon monoxide and 1.5 mol of steam at 1100 K are mixed with 3.0 mol of carbon dioxide and 1.0 mol of hydrogen in a container of volume 100 dm3. Calculate whether the system is in equilibrium. If it is not, explain in which direction the system will move in order to reach equilibrium.


(3)





(Total 8 marks)





3  a) The expression for Kp for the reaction







        [image: ]








        is Kp =





(1)




        A  [image: ]



        B  [image: ]



        C  [image: ]



        D  [image: ]








    b) Nitrogen and hydrogen were mixed in a 1:3 ratio and heated to 400°C over an iron catalyst at a pressure of 30 atm until equilibrium was reached. 15% of the nitrogen was converted to ammonia:







        [image: ]








        i) Write the expression for Kp.


(1)


        ii) Calculate its value under these conditions.


(6)





(Total 8 marks)
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2 Acid–base equilibria (Topic 12)


Acids were first defined in terms of their sour taste. When indicators such as litmus were discovered, an acid was thought of as any substance that turned litmus red. Later, the understanding of acidity led Arrhenius to define an acid as a substance that produces an excess of H+ ions in aqueous solution. This definition is limited to aqueous solutions and was extended by Lowry and Brønsted to include non-aqueous solvents. Their definitions of acids and bases are given below.
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