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Instructions and answers for teachers

These instructions cover the student activity section which can be found on page 23. This Topic Exploration Pack supports OCR AS and A Level Chemistry B (Salters).

When distributing the activity section to the students either as a printed copy or as a Word file you will need to remove the teacher instructions section.
Learning outcomes

ES(o) the characteristics of dynamic equilibrium

ES(p) the equilibrium constant, Kc for a given homogeneous reaction; calculations of the magnitude of Kc and equilibrium concentrations using data provided; relation of position of equilibrium to size of Kc, using symbols such as >,<,>>,<< 
ES(q) the use of Kc to explain the effect of changing concentrations on the position of a homogeneous equilibrium; extension of the ideas of ‘opposing change’ to the effects of temperature and pressure on equilibrium position
CI(f) the effect of changes of temperature and pressure (if any) on the magnitude of the equilibrium constant; the fact that addition of catalysts has no effect on the position of equilibrium or the magnitude of the equilibrium constant

CI(g) the determination of the most economical operating conditions for an industrial process using principles of equilibrium and rates of reaction

CI(h) calculations, including units, involving Kc and initial and equilibrium concentrations for homogeneous equilibria; techniques and procedures for experiments to determine equilibrium constants

Introduction

There are two main areas in the specification where Kc is covered. In Elements from the sea the equilibrium law and simple calculations of Kc (without units) are introduced. At this stage the effects of concentration changes, temperature and pressure on the position of equilibrium need to be understood. In Chemical industry ideas are taken further, including calculations (with units) involving initial concentrations. The effects of various factors on the magnitude of Kc need to be discussed here, as well as applications of Kc to industrial reactions. A solid understanding of Kc is required as preparation for coverage of acid–base calculations and solubility products in Oceans, but those topics are outside the scope of this pack.

Learners who have studied GCSE Chemistry will have had an introduction to the principles of equilibrium and Le Chatelier’s principle. Learners who have studied GCSE Combined Science will have had less coverage in this area.

Common misconceptions
Misconceptions and difficulties in this topic include:

· Incorrect construction of expressions for Kc, e.g. putting reactants over products, omitting powers, adding terms rather than multiplying them.

· Confusing amount (in mol) present at equilibrium with concentration in calculating Kc. (Note that only when Kc has no units can the two be used interchangeably.)

· Knowing when to omit terms from the expression for Kc for non-homogeneous reactions. Having a good understanding of these rules becomes particularly relevant later in Oceans when the ionisation of water and solubility products are met.

· Confusing equilibrium and rate. An reaction with a large Kc value may still not observably move towards the products, if the rate of reaction is very slow.
Learners can have difficulty describing and explaining what happens when the concentrations, temperature, pressure or catalyst are changed. They have to understand possible effects on

· the position of equilibrium (and by extension yield)

· the value of Kc.
Increasing the concentration of a reactant changes the position of equilibrium, but Kc is unchanged. Learners must be able to explain in terms of Kc how the position of equilibrium shifts if a concentration is changed. For example, 


A  +  B     ⇌     C  +  D

Kc = 
[image: image1.wmf][

]

[

]

[

]

[

]

B

A

D

C


If a quantity of A is added to the system at equilibrium, the denominator ([A][B]) in the expression for Kc momentarily increases in value. However, the value for Kc does not change, so the equilibrium shifts until the new concentrations produce the same Kc value. The equilibrium shifts to the right – making the denominator smaller and the numerator larger. The overall ratio is restored.

A change in temperature affects the position of equilibrium. It follows that the value of Kc also changes. An increase in temperature causes an exothermic reaction to shift to the left. The value of the denominator in the expression for Kc increases and the value of the numerator decreases. Therefore, the value of K​c goes down. The opposite arguments apply for an endothermic reaction.

Changing the pressure of a gas reaction will change the equilibrium position if there are more molecules of gas on one side of the equation than on the other, but Kc is unchanged. Changing the pressure is equivalent to changing the concentration – if the pressure is increased there will be more particles per unit volume.

As catalysts do not affect the equilibrium position, they don’t affect the value of Kc either.
Suggested Activities

Learners can be fascinated by reversible reactions, and a good way to open the topic is by examining simple equilibrium systems such as

· watching an indicator continually change colour between acid and alkali

· producing different intensities of the red Fe(III)/CNS complex with different reactant and product concentrations

· puzzling why brown nitrogen(IV)oxide lightens in colour when compressed and darkens when expanded.

These can be done as demos, but learners feel more in control of a reaction if allowed to vary concentrations, temperature and pressure themselves. Continually making the reaction go backwards and forwards and seeing it ‘stop’ as it reaches equilibrium can reduce confusion between the rate of reaction and the equilibrium position.

The metaphor of a runner on a treadmill or trying to run up a down escalator can help introduce the concept of a dynamic equilibrium – i.e. the idea that the rates of the forward and reverse reactions are equal.

Kc can initially be introduced as a numerical expression of the position of equilibrium, before worrying about exactly how it is derived and calculated. Activity 1 in this pack is a practical observational activity using the value of Kc to predict the position of equilibrium for seven reactions, and to see if what is observed is as predicted.

It can be worth revisiting the meaning of Kc ~ 1 once units of Kc have been discussed in The chemical industry. This shows that care is needed in comparing the position of equilibrium for different reactions by looking at the Kc values. Take the following theoretical examples:


A
+
B
⇌
C
+
D

Kc = 1


1 mol dm(3

1 mol dm(3

1 mol dm(3

1 mol dm(3

Yield = 50%


P
+
Q
⇌ 
3R
+
S


Kc = 1 mol2 dm(6

4 mol dm(3

4 mol dm(3

2 mol dm(3

2 mol dm(3

Yield = 33%

The two reactions have the same Kc value but different equilibrium positions and % yields. In practice, if an equilibrium has a Kc value close to 1 this does not necessarily mean that the amounts of reactants and products are equal. The equilibrium will be in an intermediate position, with both reactants and products present.

In this new specification, learners need to know how to measure equilibrium concentrations so that Kc can be calculated from experimental results. To measure Kc, it is necessary to know the molar concentration of each reactant and product at equilibrium. 

If the concentration of a chemical is measured by titration, the chemical is consumed in the titration. So, the equilibrium will shift during the titration as one of the reactants or products is removed. This may not be a problem if the reaction rates involved are slow – as long as the titration is performed quickly there will not be a noticeable effect. If the reaction rates are too fast, they can be slowed by quenching the reaction – that is by adding a large volume of cold water to the reaction mixture. Encourage learners to recognise that this slows down the rate of reaction by reducing both the temperature and the concentration.

In some cases the position of equilibrium can be measured by non-destructive, direct methods. For example, using colorimetry if one of the species is coloured, or pH measurement for an acid(base reaction.

If the initial concentrations of each chemical are known, only one equilibrium concentration has to be measured as the others can then be worked out.

Activity 2 in this pack is a practical activity to measure the equilibrium constant for the ionisation of an indicator using a colorimeter. This is in practical terms a more straightforward method than titration, and the calculations are simplified as well. However, the method of colorimetry may require some introduction as it is not formally covered until later in the course. The guidance also contains links to experimental measurements of Kc for esterification, Fe(III)/CNS and Fe(III)/Ag(I).

When learners revisit equilibrium in The chemical industry in Year 13, they can derive the expression for Kc. The derivation assumes one-step reactions, but reinforces the concept of the rates of the forward and reverse reactions being the same.


rate of forward reaction = k1[A]a[B]b, where k1 is the rate constant


rate of reverse reaction = k2[C]c[D]d, where k2 is the rate constant

If rate of reverse reaction = rate of the forward reaction, then k2[C]c[D]d = k1[A]a[B]b, and
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, which is a constant, known as Kc
Activity 3 uses a spreadsheet to vary Kc and initial concentrations and see their effects on equilibrium concentrations. In the extension activity the enthalpy change and temperature can also be varied. This activity is best used in teaching The chemical industry as a prelude to calculations involving initial concentrations.

Learners could be asked to apply their knowledge of equilibria (as well as other concepts such as rates and atom economy) to industrial reactions. Understanding Le Chatelier’s principle and the value of Kc enables chemical engineers to design the conditions for industrial processes to get the maximum possible yield and efficiency.

The ‘Industrial reactions data sheet’ contains Kc values, working temperatures and pressures, and yields for a number of industrial reactions. Learners could be asked to research these further and explain the conditions used.

Notes:

· Many of the reactions shown are exothermic, suggesting low temperatures would be favoured. However, compromise temperatures are used along with catalysts to ensure high reaction rates. 

· Where reactions are very exothermic, like the oxidation of ammonia or sulfur, temperatures can get very high and heat exchangers may be used to harness the energy for use elsewhere in the chemical plant.

· Many of the reactions have a high atom economy. Where the co-product is another useful chemical (e.g. nitrogen monoxide in making nitric acid) it is recycled. Similarly when the % yield is low (e.g. making ammonia), the unreacted reactants are separated off and recycled.

· Making high pressures is expensive as energy-consuming compressors are needed, and very thick walled containers are needed to avoid the risk of explosions. In the case of the Contact process and the Deacon process, SO3, Cl2 and HCl are very corrosive at high pressure so much lower pressures are used.

· The Deacon process for making chlorine went out of favour when the electrolysis of sodium chloride solution replaced it. More recently, the Deacon Process has been re-introduced as a better catalyst (RuO2) was found and large quantities of HCl became available as co-product from the manufacture of vinyl chloride monomer (chloroethene). The chlorine thus produced is used to make more 1,2-dichloroethane from ethene, so the hazardous chlorine can be used in the chemical plant and does not have to be transported. The atom economy of the manufacture of chloroethene is now 100%.
Learners can use the ‘Test yourself questions’ to consolidate understanding and the end of the relevant topics, or in revision.

Equilibrium beyond A Level

Learners wanting to explore this topic further may be interested in some of the ideas that follow.

The equilibrium constant Kc uses molar concentrations in the expression (that is what the ‘c’ stands for). For gas reactions, it is also possible to use the same expression but with partial pressures of each chemical instead of the concentration. This gives the term Kp (where ‘p’ refers to pressure).

So for the reaction  


N2  +  3H2  ⇌  2NH3

Kp = 
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where pNH3 is the partial pressure of ammonia, and so on. This is the pressure the ammonia would exert if the other gases were removed from the container. It is equal to


total pressure ( 
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That is, the partial pressure of a gas is the total pressure multiplied by the fraction of the particles present in the mixture which are particles of that gas, or ‘mole fraction’.

The equilibrium constant Kc is related to the energetics of the reaction. Specifically, it is related to the temperature and (G, the Gibbs Free Energy change, which takes account of the (H and the entropy change, (S. This link explains more: http://www.rsc.org/learn-chemistry/resources/the-quantum-casino/tutorial/gibbs_free_energy.php?section=tutorial&article=11
These formulae are used in the calculations in the extension to Activity 3.
Additional teacher preparation 
Activity 1 – Interpreting Kc values
Learners look at the values of Kc for 7 reactions and predict the position of equilibrium before actually trying out the reactions. Where the equilibrium lies to the left, they can try the reverse reaction.

Most of the reactions have Kc >> 1010 or << 10–10 so the equilibrium is very much to the right or left. The last reaction, however, has a Kc value of 3.3, making it easily reversible.

These reactions have been chosen as they give good results and clear observations, but other reactions could be chosen depending on availability of chemicals, considerations of risk management etc. Carrying out these reactions on a droplet scale (e.g. on a plastic sheet or white tile) reduces the risks and waste.

Practical requirements
Chemicals

The solutions can all be bench concentration. The hazard indications below relate to the concentrations shown.

If preferred, other reactions can be chosen to demonstrate similar principles.

· 0.1 mol dm–3 CuSO4(aq) (WARNING: May cause skin and eye irritation.)

· 1 mol dm–3 NH3(aq) (WARNING: May cause skin and eye irritation.)

· 0.1 mol dm–3 Na2SO4(aq)

· 0.1 mol dm–3 KI(aq)

· 10 vol H2O2(aq)

· 1 mol dm–3 HCl(aq) (While solutions are currently not classified as hazardous at this concentration, eye protection should be worn.)

· 0.1 mol dm–3 MgSO4(aq)

· magnesium ribbon

· copper turnings

· 0.01 mol dm–3 Pb(NO3)2(aq) (Solutions are currently not classified as hazardous at this concentration; however care should be taken to clear up any spills and wipe over surfaces after use. Learners should take particular care to avoid skin contact, and wash hands thoroughly after use.)

· 0.1 mol dm–3 Na2CO3(aq)

· 0.1 mol dm–3 I2(aq) in KI(aq) (Solutions are currently not classified as hazardous at this concentration; however learners should take particular care to avoid skin contact.)

· 0.1 mol dm–3 KCl(aq)

· chlorine water – use most dilute solution that will give desired results – at least 50:50 diluted with water (Take hazards associated with chlorine gas into account. Ensure the room is well-ventilated. Learners must not inhale the vapour above open containers.)

· 0.1 mol dm–3 K2CrO4(aq) (DANGER: May cause genetic defects, cancer by inhalation. May cause an allergic skin reaction. 
Learners should take particular care to avoid skin contact. Spillages / droplets must not be allowed to dry out.)

· 0.1 mol dm–3 K2Cr2O7(aq) (DANGER: May cause allergic skin reactions; allergy / asthma symptoms / breathing difficulties if inhaled; cancer; genetic defects. May damage the unborn child. Causes skin irritation and serious eye irritation. May cause damage to organs through prolonged or repeated exposure. Causes severe skin burns and eye damage. Harmful if swallowed. May cause respiritatory irritation.
Learners should take particular care to avoid skin contact. Spillages / droplets must not be allowed to dry out.)
· 0.4 mol dm–3 NaOH(aq) (WARNING: may cause skin and eye irritation.)
The volumes required are not large – just a few drops of each solution per test.

Apparatus and equipment

· dropping pipettes OR solutions provided in dropper bottles

· dropping surface such as a white tile or paper covered in a plastic sheet

· if preferred, the tests can be carried out in test tubes.

Health and safety

· Health and safety should always be considered by a centre before undertaking any practical work. A full risk assessment of any activity should always be undertaken. 

· It is advisable to check the CLEAPSS website (http://www.cleapss.org.uk) in advance of undertaking the practical tasks. 

· Learners should wear eye protection throughout.

· Use of chemical-resistant gloves should be considered.

Answers and expected results


Cu2+ (aq)
+
4NH3(aq)
⇌
Cu(NH3)42+(aq)
Kc = 1.3 × 1022 dm3 mol–1


pale blue solution
deep blue solution

Expected position of equilibrium: ​​​to the right hand side

Expected observation: solution turns deep blue


CuSO4(aq)
+ 
Na2CO3(aq)
⇌
CuCO3(s)
+
Na2SO4(aq)
 Kc = 4.3 × 1058 


pale blue solution
blue-green solid 

Expected position of equilibrium: ​​​to the right hand side

Expected observation: blue-green precipitate 


2KI(aq)
+
H2O2(aq)
+
2HCl(aq)
⇌
I2(aq)
+
2H2O(l)
+
2KCl(aq)
Kc = 7.8 × 1043






brown solution

Expected position of equilibrium: ​​​to the right hand side

Expected observation: solution turns brown


Cu(s)
+ 
MgSO4(aq)
⇌
Mg(s)
+
Cu2SO4(aq)
 Kc = 3.3 × 10–22 


brown shiny solid


silver solid

pale blue solution

Expected position of equilibrium: ​​​to the left hand side

Expected observation: no change (in the reverse reaction, the solution decolourises, and a dark brown solid deposit forms)


Pb(NO3)2(aq)
+ 
2KI(aq)
⇌
PbI2(s)
+
2KNO3(aq)
 Kc = 1.2 × 109 






yellow solid

Expected position of equilibrium: ​​​to the right hand side

Expected observation: yellow precipitate


I2(aq)
+ 
2KCl(aq)
⇌
2KI(aq)
+
Cl2(aq)
 Kc = 1.2 × 10–28 


brown solution

Expected position of equilibrium: ​​​to the left hand side

Expected observation: no change (brown solution remains) (in the reverse reaction, the solution turns brown)


2CrO42–(aq)
+
H+(aq)
⇌
Cr2O72–(aq)
+
OH–(aq)
 Kc = 3.3 


yellow solution



orange solution

Expected position of equilibrium: intermediate; the reaction is easily reversible.

Expected observation: yellow-orange solution; adding acid will make the solution more orange; adding alkali will make the solution more yellow.

Activity 2 – Measuring an equilibrium constant

Experiments to measure Kc experimentally can take time to reach equilibrium and the concentration measurements can be complicated. This activity allows Kc to be measured very quickly. Learners can see all the components of the equilibrium and measure concentrations easily. There are also links to more demanding Kc measurements.

Using a colorimeter to measure the concentration of two different coloured species in the same solution asks a lot of a simple instrument. The phenolphthalein investigation works well as one species is colourless, so its concentration can found by difference. Thymolphthalein may also be suitable. Bromothymol blue is more illustrative as the indicator at pH 7 appears green, showing appreciable concentrations of both the blue and the yellow species.

Other indicators could be tried. They need to be placed in a buffer solution of pH near the pKa of the indicator and the two forms of the indicator need to be complimentary or at least contrasting colours. This rules out methyl orange, though screened methyl orange may be feasible. 

With bromothymol blue (for simplicity, the loss of only one H+ ion is shown):


C26H27O5SBr2
⇌
H+
+
C26H26O5SBr2–

yellow



blue


Kc = 
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Adding the indicator to 0.1 mol dm–3 hydrochloric acid forces the equilibrium to the left, so all the indicator is in the acidic yellow form. Similarly, adding the indicator to 0.1 mol dm–3 sodium hydroxide forces the equilibrium to the right, so all the indicator is in the basic blue form.

Practical requirements
Chemicals

· 0.1 mol dm–3 HCl(aq) (currently not classified as hazardous at this concentration, but eye protection should be worn)

· 0.1 mol dm–3 NaOH(aq) (currently not classified as hazardous at this concentration, but eye protection should be worn)

· bromothymol blue, phenolphthalein and/or other indicators (check supplier’s information or recipes for hazard information)

Apparatus and equipment

· colorimeter with suitable filters

· cuvettes

· dropping pipettes

· 10 ml measuring cylinders or 5 ml syringes (for measuring volume of acid/alkali)

Health and safety

· Health and safety should always be considered by a centre before undertaking any practical work. A full risk assessment of any activity should always be undertaken. 

· It is advisable to check the CLEAPSS website (http://www.cleapss.org.uk) in advance of undertaking the practical tasks. 

· Learners should wear eye protection throughout.

Expected results and discussion

As bromothymol blue is approximately at equivalence point at pH 7, the results should indicate an approximately equal ratio of yellow and blue species (5/5 or 4/6 ratio). The total number of drops should add up to 10, but due to uncertainties in the procedure learners may find totals of 9 or 11.

The value for Kc can be calculated by substituting the number of drops for each of the blue and yellow species into the expression for Kc given above. Learners may need help to realise that substituting the ratio of blue to yellow is sufficient – there is no need to calculate the actual concentrations in mol dm–3. 

Repeating the procedure for phenolphthalein requires a buffer of pH 10. The calibration curve can be produced by adding successive drops of indicator to alkaline solution and measuring the absorbance. A blue-green filter is required. The acidic form of the indicator is colourless, so the concentration cannot be determined by colorimetry. However, because the total number of drops added must be 10, the ‘concentration’ of the colourless species can be calculated once that of the pink species is known.

Reasons why the concentration measurements may not be that accurate include

· the filters filter out a range of colours, so there might be some overlap between the violet and orange filters

· uncertainties involved in the measurement of the 3 cm3 acid/alkali, in adding indicator drop by drop, and in reading the calibration graph

· insufficient mixing after adding each drop of indicator, leading to errors in the calibration graph.

One improvement to the method would be to take one drop of liquid out of the cuvette before adding each drop of indicator. This means the overall volume of the solution stays the same, avoiding accumulation of concentration errors.

There are other Kc measurement experiments accessible via links from the OCR website http://www.ocr.org.uk/Images/254412-equilibria-delivery-guide.pdf
Kc for esterification

http://www.ocr.org.uk/Images/250284-finding-an-equilibrium-constant-for-esterification-teacher-instructions.pdf
http://www.ocr.org.uk/Images/250288-finding-an-equilibrium-constant-for-esterification-activity.docx
Kc for Fe(III)–SCN complex

http://www2.vernier.com/sample_labs/CHEM-A-10-COMP-Keq.pdf
Kc for Fe(II)–Ag(I) equilibrium

http://www.rsc.org/learn-chemistry/resource/res00000537/measuring-an-equilibrium-constant?cmpid=CMP00000609
Activity 3 – Modelling equilibrium by computer
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This activity uses an Excel Spreadsheet to investigate equilibrium concentrations and how they are related to the value of Kc and the initial concentrations. Learners fill in the initial concentrations and value of Kc in the yellow boxes, and the green boxes display the equilibrium concentrations and yield. The spreadsheet contains suggestions on how learners might vary Kc and the initial concentrations. Encourage learners to discuss their findings. 

In the extension activity they can specify the temperature and the enthalpy change in addition to the initial concentrations, and see how this affects the value of K​c and the position of equilibrium. Kc is calculated from the temperature and the (H value. This helps to illustrate that Kc is not ‘arbitrary’, but dependent on the energetics of the reaction. Strictly speaking, Kc is dependent on (G rather than (H, but (fG and (fH are identical for elements and quite similar for many compounds so the principle holds (though when (fG and (fH are calculated for a reaction, the difference can be significant).

	
	(fH / kJ mol–1
	(fG / kJ mol–1

	N2(g)
	
0
	
0

	HCl(g)
	
–92
	
–95

	H2O(l)
	
–286
	
–237

	CaO(s)
	
–635
	
–604

	Na+(aq)
	
–240
	
–262


If learners have met (G then the column headings in the spreadsheet and worksheet can be changed.

Notes on the spreadsheet:

· The working area of the spreadsheet is hidden behind the instruction textbox. 

· Learners can only vary the quantities in the yellow boxes.

· Concentrations can be from 0.001 to 20 mol dm–3. 0 mol dm–3 cannot be used, so use 0.001 mol dm–3 for an effectively zero concentration.

· Kc can be any value from 0.00001 to 10 000.

· The enthalpy change can be –100 to +100 kJ mol–1.

· The temperature can be –10 to 1500 °C.

· Cell C1 is a zero check to prevent division by zero.

· Cell C3 calculates X1; Cell C7 calculates X2.

· C11–I11 and C12–I12 calculate equilibrium concentrations with X1 and X2 to identify any impossible (i.e. negative or excessive) values.

· E15 identifies any impossible solutions so the correct value of X is selected. It always seems to be X2.

· Cells E3–E5 calculate yields.

· B16 calculates Kc from the enthalpy change and temperature.
The model used assumes that from the initial concentrations, to reach equilibrium, x mol dm–3 of the species on one side of the equation react to form x mol dm–3  of the species on the other side. Inputting this into the expression for Kc gives


Kc = 
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(or equivalent if the equilibrium shifts in the opposite direction), where A, B etc. are the initial concentrations of the species in the equation. The expression resolves into a quadratic equation which can be resolved using 


x = –b ± 
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This gives two possible values of x, of which only the one with the minus term is valid. (The other value of x would give negative or excessive concentrations.)

When the enthalpy change and temperature are fixed, this calculates the value of Kc using the expression (G = –RT lnKp. It is assumed that (G is approximately the same as (H and Kc = Kp for a 1 : 1 reaction.

Test yourself questions – Answers 

1.
Write expressions for the equilibrium constant, Kc, for these reactions.
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(a)
2SO2  +  O2  ⇌  2SO3
(b)
H2SO4(aq)  ⇌  2H+(aq)  +  SO42–(aq)
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2.
The three reactions involved in making nitric acid from nitrogen are shown below. Balance the equations then write expressions for their equilibrium constants. (If you have studied The chemical industry, add the units.)
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(a)
...N2(g)  +  …H2(g)  ⇌  …NH3(g)
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 (b)
…NH3(g)  +  …O2(g)  ⇌  …NO(g)  +  …H2O(g)
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(c)
…NO(g)  +  …H2O(g)  +  …O2(g)  ⇌  …HNO3(g)


3.
This is an incorrect expression for an equilibrium constant:



Kc = 
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Write an equation for the reaction, balance it, then correct the expression for Kc.
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4.
Write expressions for Kc for these equations. Take care when to omit terms.

[image: image19.wmf][

]

[

]

[

]

3

4

NH

OH

NH

-

+

(a)
CH3COOH(l)  +  CH3OH(l)  ⇌  CH3COOCH3(l)  +  H2O(l)

(b)
Ca(OH)2(s)  ⇌  Ca2+(aq)  +  2OH–(aq)




[image: image20.wmf][

]

[

]

[

]

2

2

6

4

2

10

4

O

H

H

C

O

H

C


[image: image21.wmf][

]

[

]

[

]

2

2

2

I

H

HI

(c)
NH3(aq)  +  H2O(l)  ⇌  NH4+(aq)  +  OH–(aq)
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(d)
C4H6(g)  +  2H2O(g)  ⇌  C4H10O2(g)




5.
For the reaction 



H2(g)  +  I2(g)  ⇌  HI(g)

Kc = 46

(a)
Balance the equation and write an expression for Kc.
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(b)
What does the value of Kc suggest about the position of equilibrium?
 (c)
At equilibrium, [H2] = 0.0050 mol dm–3 and [I2] = 0.015 mol dm–3.
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Calculate the concentration of HI.
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 (d)
What is the % yield of this reaction? Assume that all of the HI present at equilibrium can be recovered.
6.
For the reaction 



NO(g)  +  O2(g)  ⇌  NO2(g)

Kc = 45 dm3 mol–1
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(a)
Balance the equation and write an expression for Kc.
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(b)
At equilibrium the concentration of both reactants is 0.10 mol dm–3. Calculate the equilibrium concentration of NO2.
7.
The exothermic industrial reaction 



CO(g)  +  2H2(g)  ⇌  CH3OH(g) 


has a Kc value of 3.2 × 10–2 dm6 mol–2 at a certain temperature and pressure.
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(a)
Explain whether you would expect the yield to be high or low at this temperature.
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(b)
Explain how the temperature and pressure could be altered to increase the yield.
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(c)
If the temperature and pressure cannot be altered anymore, what other steps can be taken to increase the efficiency of a low yield reaction?
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8.
SO2, SO3 and O2 are mixed together in a vessel with a volume of 4 dm3. At equilibrium there are 2 mol SO2, 8 mol SO3 and 1 mol O2. 
Calculate the equilibrium concentrations and the value of Kc giving its units.

9. 
In the endothermic Birkeland–Eyde process nitrogen monoxide is made directly from nitrogen and oxygen. At a certain temperature and pressure, Kc = 0.02. In a vessel with a volume of 200 dm3 there are 10 mol nitrogen and 20 mol oxygen.
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(a)
Write an equation for the reaction.
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(b)
Write an expression for the equilibrium constant, Kc.
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(c)
Give the units for Kc.
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(d)
Calculate the molar concentrations of nitrogen and oxygen at equilibrium.
[image: image37.wmf](

)

2

2

1

x

x

-

(e)
Calculate the molar concentration and the amount (in mol) of nitrogen monoxide present at equilibrium.
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Initial Concentrations(M)

0.0010   10.0000 3.0000 2.0000 2.00000

Equilibrium Concentrations(M)

0.2379 10.2369 2.7631 1.7631 2.00000

% Yield 88.11

%

 (f)
Calculate the % yield for this reaction. Assume all the NO in the vessel can be recovered.
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 (g)
Suggest a way in which the yield could be increased.
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(h)
Suggest why high pressure is not used for this reaction in industry.
10.
Consider the reaction



H2(g)  +  Cl2(g)  ⇌  2HCl(g)


Initial concentrations of H2 and Cl2 are both 4 mol dm–3. At equilibrium the concentration of HCl is found to be 7.8 mol dm–3.
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(a)
Calculate the equilibrium concentrations of the reactants.
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(b)
Calculate the value of Kc, including units.
11.
A student wants to determine Kc for the reaction


HCOOH(l)  +  C2H5OH(l)  ⇌  HCOOC2H5(l)  +  H2O(l)

The student mixes 25 g of HCOOH with 25 g of C2H5OH. The total volume is 50 cm3. The mixture is left to reach equilibrium, at which point there are 10 g of HCOOH remaining.

(a)
Why is the HCOOH the easiest to measure? How could it be done without upsetting the equilibrium position?
(b)
Calculate the amount (in mol) of each chemical present at equilibrium.
 (c)
Calculate the concentration of each chemical at equilibrium.
 (d)
Calculate the value of Kc for the reaction, including units.
 (e)
What is the % yield for the reaction?
12.
If you want a tricky mathematical problem involving Kc that goes beyond the specification and involves solving a quadratic equation, try this…

A student investigates the reaction 


CH3COOH(l)  +  C2H5OH(l)  ⇌  CH3COOC2H5(l)  +  H2O(l)
Kc = 4.1 

The student mixes 1 mol CH3COOH with 1 mol C2H5OH(l). 

What will be the concentrations of the reactants and products at equilibrium, and what will be the % yield?

(a)
Write an expression for Kc and give its units.
(b)
Suppose x mol ethanoic acid react with x mol of ethanol, to form x mol ester and x mol water. Write down the amount (in mol) of each chemical at equilibrium.
(c)
Place the equilibrium values into the expression for Kc and rearrange the equation into a quadratic equation. (In this case, all the concentration units cancel out in the expression for Kc. Therefore, you can use the molar amounts in the expression as they are proportional to the concentrations – the ratio is the same. You can’t do that when the units don’t cancel out.)
 (d)
Solve the quadratic equation to get two possible values of x. Only one value is a possible amount of product – explain which it is.
 (e)
Determine the amount of each product remaining at equilibrium, and the percentage yield.
Industrial reactions data sheet 
Making nitric acid in the Haber and Ostwald processes


N2(g)  +  3H2(g)  ⇌  2NH3(g)



(H = (92 kJ mol(1

Kc = 7.9 ( 109 dm6 mol(2; 450 oC, 150 atm, iron catalyst; 25% yield


4NH3(g)  +  5O2(g)  ⇌  4NO(g)  +  6H2O(g)

(H = (900 kJ mol(1
 
Kc =  2.7 ( 1039 mol dm(3; 900 oC, 10 atm, platinum catalyst; 96% yield


2NO(g)  +  O2(g)  ⇌  2NO2(g)



(H = (115 kJ mol(1    


Kc = 2.3 ( 1012 dm3 mol(1; 160 oC, 10 atm


2NO2(g)  ⇌  N2O4(g)




(H = (58 kJ mol(1
 
Kc = 1.97 ( 1014 dm3 mol(1; 160 oC, 10 atm


3N2O4(g)  +  2H2O(l)  ⇌  4HNO3(aq)  +  2NO(g)
(H = (103 kJ mol(1
 
Kc = 1.8 ( 105 dm3 mol(1; 160 oC, 50 atm

Making ethanoic acid in the Cateva process


2H2(g)  +  CO(g)  ⇌  CH3OH(g)


(H = (91 kJ mol(1

Kc = 8.1 ( 109 dm6 mol(2; 250 oC, 100 atm, CuO catalyst; 97% yield


CH3OH(l)  +  CO(g)  ⇌  CH3COOH(l)


(H = (137 kJ mol(1

Kc = 3.7 ( 1012 dm3 mol(1; 180 oC, 30 atm, iodine/iridium catalyst; 99% yield 

Making chlorine and bleach in the Deacon process


CH2ClCH2Cl(g)  ⇌  CH2=CHCl(g)  +  HCl(g)

(H = +187 kJ mol(1   


Kc = 15.7 ( 10(7 mol dm(3; 380 oC, 4 atm


4HCl(g)  +  O2(g)  ⇌  2Cl2(g)  +  2H2O(g) 

(H = (117 kJ mol(1

Kc = 3.1 ( 109 dm3 mol(1; 450 oC, 1 atm, ruthenium(IV)oxide catalyst; 99% yield


Cl2(g)  +  2NaOH(aq)  ⇌  NaCl(aq)  +  NaClO (aq)  +  H2O(l)
(H = (99 kJ mol(1   


Kc = 1.0 ( 1022 dm3 mol(1; 20 oC, 1 atm

Making sulfuric acid in the Contact process


S(s)  +  O2(g)  ⇌  SO2(g)



(H = (297 kJ mol(1
 
Kc = 3.2 ( 1016 dm3 mol(1; 1000 oC, 1 atm


2SO2(g)  +  O2(g)  ⇌  2SO3(g)


(H = (201 kJ mol(1      


Kc = 1.5 ( 1014 dm3 mol(1; 450 oC, 2 atm, vanadium(V)oxide catalyst; 98% yield


SO3(g)  +  H2SO4(l)  ⇌  H2S2O7(l)


(H = (64 kJ mol(1

Kc = 4.0 dm3 mol(1; 130 oC, 1 atm


H2O(l)  +  H2S2O7(l)  ⇌  2H2SO4(l)


(H = (69 kJ mol(1  


Kc = 4.5 ( 105; 130 oC, 1 atm 

Data sources: 

· Aylward and Findlay (1971), SI Chemical Data, 7th edition, London, John Wiley, ISBN 9780730302469.
· http://www.essentialchemicalindustry.org/chemicals


Topic Exploration Pack

Equilibrium constants – from ES to CI 
Learner activity 1 – Interpreting Kc values
In this activity you will consider the value of the equilibrium constant, Kc, for a number of reactions. You will use this information to predict the observations for each reaction.

Your teacher will tell you whether you will carry out the reactions on a flat surface or in test tubes. If doing the reactions on a surface use one drop of each reagent. If doing the reactions in a test tube use 5 drops of each reagent.

Health and safety

· Wear eye protection.

· Follow instructions from your teacher on safe handling of chemicals. See hazard notes below.

· Do not allow droplets or spillages to dry out; wipe them up with a damp cloth or paper towel.

· 0.1 mol dm–3 potassium dichromate(VI) is corrosive, causes skin, eye and respiratory irritation, may cause genetic defects, cancer and damage to the unborn child. Take care to avoid skin contact. 

· 0.1 mol dm–3 potassium chromate(VI) may cause genetic defects, cancer by inhalation and allergic skin reactions. Take care to avoid skin contact.

· 0.1 mol dm–3 copper(II) sulfate, 1 mol dm–3 ammonia and 0.4 mol dm–3 sodium hydroxide may cause skin or eye irritation.

· Chlorine water may release chlorine gas, which is toxic. Avoid inhaling vapour near open containers.

· Take care to avoid skin contact with 0.01 mol dm–3 lead(II) nitrate solution and 0.1 mol dm(3 iodine solution. Wash hands thoroughly after use. 

Procedure

1. Study each reaction given below. Balance the equation where necessary.

2. Try to describe the appearance of any reactant or product that would be distinctive. Write these underneath the equation. The first one is done for you.

3. Now look at the value of Kc for the reaction. Predict the position of the equilibrium. Use this information to predict the observations when the reactants are mixed. 
4. Mix the reactants and record your observations.
Reaction 1

…Cu2+ (aq)
+
…NH3(aq)
⇌
…Cu(NH3)4 2+(aq)
Kc = 1.3 × 1022 

pale blue solution
deep blue solution

Expected position of equilibrium: 

Expected observation: 

Reaction 2


CuSO4(aq)
+ 
Na2CO3(aq)
⇌
CuCO3(s)
+
Na2SO4(aq)
 Kc = 4.3 × 1058 


Expected position of equilibrium: ​​​

Expected observation: 

Reaction 3


…KI(aq)
+
…H2O2(aq)
+
…HCl(aq)
⇌
…I2(aq)
+
…H2O(l)
+
…KCl(aq)
Kc = 7.8 × 1043
       

Expected position of equilibrium: ​​​

Expected observation: 

Reaction 4


Cu(s)
+ 
MgSO4(aq)
⇌
Mg(s)
+
Cu2SO4(aq)
 Kc = 3.3 × 10–22 




Expected position of equilibrium: ​​​

Expected observation: 

Reaction 5


…Pb(NO3)2(aq)
+ 
…KI(aq)
⇌
…PbI2(s)
+
…KNO3(aq)
 Kc = 1.2 × 109 




Expected position of equilibrium: ​​​

Expected observation: 

Reaction 6


…I2(aq)
+ 
…KCl(aq)
⇌
…KI(aq)
+
…Cl2(aq)
 Kc = 1.2 × 10–28 


Expected position of equilibrium: ​​​

Expected observation: 

Reaction 7

 
…CrO42–(aq)
+
…H+(aq)
⇌
…Cr2O72–(aq)
+
… OH–(aq)
 Kc = 3.3 


Expected position of equilibrium: ​​​

Expected observation:
Learner activity 2 – Measuring an equilibrium constant
The indicator bromothymol blue, C26H27O5SBr2, is yellow. When it loses a proton it forms C26H26O5SBr2–, which is blue.


C26H27O5SBr2
⇌
H+
+
C26H26O5SBr2–

yellow



blue

Can you write an expression for the equilibrium constant Kc?

To find the value of Kc, you need to know the concentrations of the three species at equilibrium. You need to be able to measure the concentrations without disturbing the equilibrium (if you change the concentration of one chemical, the equilibrium position shifts). Two of the chemicals are coloured, so you can use a colorimeter to do this.  

If you place 10 drops of the indicator into 3 cm3 of pH 7 buffer solution, [H+] will be 1 × 10–7 and the indicator will appear green. Can you think why it is green? 

You can use a colorimeter to measure the concentration of the yellow and the blue species using different filters. Can you suggest what filters should be used to measure each colour?

Health and safety

· Wear eye protection.

· Check the hazard information provided for the indicators you are using.

Procedure

To turn an absorbance reading into a concentration, you first need to calibrate the colorimeter. To calibrate the yellow species, use a violet filter. 

1. Add 3 cm3 0.1 mol dm–3 hydrochloric acid to a cuvette. Place the cuvette in the colorimeter and zero the colorimeter.

2. Add 1 drop of bromothymol blue to the cuvette. Cover the cuvette with clingfilm and mix the contents. Measure the absorbance of the solution and record the value in the table on the next page.

3. Repeat step 2 a further 9 times, until you have added a total of 10 drops of bromothymol blue.

Repeat the process above to calibrate for the blue species. Use an orange filter, and add drops of the indicator to 0.1 mol dm–3 sodium hydroxide.
	
	Absorbance (arbitrary units)

	Drops of indicator added
	Blue species
	Yellow species

	0
	
	

	1
	
	

	2
	
	

	3
	
	

	4
	
	

	5
	
	

	6
	
	

	7
	
	

	8
	
	

	9
	
	

	10
	
	


Plot calibration graphs for the two species.

Now measure the concentrations of the yellow and the blue species at equilibrium.

1. Place the orange filter in the colorimeter.

2. Add 3 cm3 pH 7 buffer solution to a cuvette. Use this to zero the colorimeter.

3. Add 10 drops of indicator to the cuvette and mix. Measure the absorbance.

4. Repeat these steps for the violet filter.


Absorbance with orange filter  


Absorbance with violet filter 

Questions

Which species is measured using the orange filter? 

Which species is measured using the violet filter? 

Use the calibration curves to find the concentration (in drops) of each species.

Concentration of blue species:                                   drops

Concentration of yellow species:                                   drops

What should happen if you add up the two numbers above?

Calculate the value for Kc. (At pH 7 [H+] = 1.0 × 10–7 mol dm–3)

You can find the Kc value for the indicator phenolphthalein in the same way.


C20H14O4
⇌
H+
+
C20H13O4–

colourless



pink

This time, use a buffer of pH 10, and measure the concentration of the pink species.

How would you calibrate the colorimeter to find [pink species]? 

What filter would you use?

Why don’t you measure the concentration of the other species?

So how can you find the concentration of the other species?

Calculate the Kc for phenolphthalein. (At pH 10 [H+] = 1 × 10–10 mol dm–3.)

This is a simple experiment though it is not always that accurate. Can you think why measuring the concentrations of both colours with two different filters on the colorimeter may not be that accurate? How could you make the calibration measurement more accurate?
Test yourself questions
1.
Write expressions for the equilibrium constant, Kc, for these reactions.

(a)
2SO2  +  O2  ⇌  2SO3




(b)
H2SO4(aq)  ⇌  2H+(aq)  +  SO42–(aq)


2.
The three reactions involved in making nitric acid from nitrogen are shown below. Balance the equations, then write expressions for their equilibrium constants. (If you have studied The chemical industry, add the units.)

(a)
...N2(g)  +  …H2(g)  ⇌  …NH3(g)




(b)
…NH3(g)  +  …O2(g)  ⇌  …NO(g)  +  …H2O(g)


(c)
…NO(g)  +  …H2O(g)  +  …O2(g)  ⇌  …HNO3(g)


3.
This is an incorrect expression for an equilibrium constant:



Kc = 
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Write an equation for the reaction, balance it, then correct the expression for Kc.

4.
Write expressions for Kc for these equations. Take care when to omit terms.

(a)
CH3COOH(l)  +  CH3OH(l)  ⇌  CH3COOCH3(l)  +  H2O(l)


(b)
Ca(OH)2(s)  ⇌  Ca2+(aq)  +  2OH–(aq)




(c)
NH3(aq)  +  H2O(l)  ⇌  NH4+(aq)  +  OH–(aq)




(d)
C4H6(g)  +  2H2O(g)  ⇌  C4H10O2(g)





5.
For the reaction 



H2  +  I2  ⇌  HI

Kc = 46

(a) Balance the equation and write an expression for Kc.
(b)
What does the value of Kc suggest about the position of equilibrium?

(c)
At equilibrium, [H2] = 0.0050 mol dm–3 and [I2] = 0.015 mol dm–3.


Calculate the concentration of HI.
(d)
What is the % yield of this reaction? Assume that all of the HI present at equilibrium can be recovered.

6.
For the reaction 



NO(g)  +  O2(g)  ⇌  NO2(g)

Kc = 45 dm3 mol–1
(a) Balance the equation and write an expression for Kc.
(b)
At equilibrium the concentration of both reactants is 0.10 mol dm–3. Calculate the equilibrium concentration of NO2.

7.
The exothermic industrial reaction 



CO(g)  +  2H2(g)  ⇌  CH3OH(g) 


has a Kc value of 3.2 × 10–2 dm6 mol–2 at a certain temperature and pressure.

(a)
Explain whether you would expect the yield to be high or low at this temperature.

(b)
Explain how the temperature and pressure could be altered to increase the yield.

(c)
If the temperature and pressure cannot be altered anymore, what other steps can be taken to increase the efficiency of a low yield reaction?




8.
SO2, SO3 and O2 are mixed together in a vessel with a volume of 4 dm3. At equilibrium there are 2 mol SO2, 8 mol SO3 and 1 mol O2. 
Calculate the equilibrium concentrations and the value of Kc giving its units.


9. 
In the endothermic Birkeland–Eyde process nitrogen monoxide is made directly from nitrogen and oxygen. At a certain temperature and pressure, Kc = 0.02. In a vessel with a volume of 200 dm3 there are 10 mol nitrogen and 20 mol oxygen.

(a)
Write an equation for the reaction.

(b)
Write an expression for the equilibrium constant, Kc.

(c)
Give the units for Kc.

(d)
Calculate the molar concentrations of nitrogen and oxygen at equilibrium.



(e)
Calculate the molar concentration and the moles of nitrogen monoxide present at equilibrium.

(f)
Calculate the % yield for this reaction. Assume all the NO in the vessel can be recovered.

(g)
Suggest a way in which the yield could be increased.

(h)
Suggest why high pressure is not used for this reaction in industry. 

10.
Consider the reaction



H2(g)  +  Cl2(g)  ⇌  2HCl(g)


Initial concentrations of H2 and Cl2 are both 4 mol dm–3. At equilibrium the concentration of HCl is found to be 7.8 mol dm–3.

(a) Calculate the equilibrium concentrations of the reactants.



(b) Calculate the value of Kc, including units.


11.
A student wants to determine Kc for the reaction


HCOOH(l)  +  C2H5OH(l)  ⇌  HCOOC2H5(l)  +  H2O(l)

The student mixes 25 g of HCOOH with 25 g of C2H5OH. The total volume is 50 cm3. The mixture is left to reach equilibrium, at which point there are 10 g of HCOOH remaining.

(a) Why is the HCOOH the easiest to measure? How could it be done without upsetting the equilibrium position?
(b)
Calculate the amount (in mol) of each chemical present at equilibrium.

 (c)
Calculate the concentration of each chemical at equilibrium.

(d)
Calculate the value of Kc for the reaction, including units.

(e)
What is the % yield for the reaction?

12.
If you want a tricky mathematical problem involving Kc that goes beyond the specification and involves solving a quadratic equation, try this…

A student investigates the reaction 


CH3COOH(l)  +  C2H5OH(l)  ⇌  CH3COOC2H5(l)  +  H2O(l)
Kc = 4.1 

The student mixes 1 mol CH3COOH with 1 mol C2H5OH(l). The total volume is 40 cm3.

What will be the concentrations of the reactants and products at equilibrium, and what will be the % yield?

(a)
Write an expression for Kc and give its units.

(b)
Suppose x mol ethanoic acid react with x mol of ethanol, to form x mol ester and x mol water. Write down the amount (in mol) of each chemical at equilibrium.



(b) Place the equilibrium values into the expression for Kc and rearrange the equation into a quadratic equation. (In this case, all the concentration units cancel out in the expression for Kc. Therefore, you can use the molar amounts in the expression as they are proportional to the concentrations – the ratio is the same. You can’t do that when the units don’t cancel out.)
(d)
Solve the quadratic equation to get two possible values of x. Only one value is a possible amount of product – explain which it is.
(e)
Determine the amount of each product remaining at equilibrium, and the percentage yield.

Kc = � EMBED Equation.3 ���





Kc = � EMBED Equation.3 ���





N2(g)  +  3H2(g)  ⇌  2NH3(g)			Kc = � EMBED Equation.3 ���(dm6 mol–2)





4NH3(g)  +  5O2(g)  ⇌  4NO(g)  + 6H2O(g)	Kc = � EMBED Equation.3 ���(mol dm–3)





4NO(g)  +  2H2O(g)  +  3O2(g)  ⇌  4HNO3(g)	Kc = � EMBED Equation.3 ���(dm15 mol–5)





2CH3CHO  +  O2  ⇌  2CH3COOH			Kc = � EMBED Equation.3 ���





Kc = � EMBED Equation.3 ���





Kc = � EMBED Equation.3 ���





Kc = � EMBED Equation.3 ���





Kc = � EMBED Equation.3 ���





H2(g)  +  I2(g)  ⇌  2HI(g)		Kc = � EMBED Equation.3 ���





A high value suggests that the equilibrium lies towards the right. 





[HI] = � EMBED Equation.3 ��� = � EMBED Equation.3 ��� = 0.059 mol dm–3








0.0050 mol dm–3 H2 remain unreacted (this is the limiting reactant). If this were reacted, it would produce an additional 0.010 mol dm–3 of HI, so the theoretical yield concentration is 0.069 mol dm(3. % yield is then (0.059 / 0.069) × 100% = 85% (using unrounded values). (Note that, as concentration is proportional to amount in mol, yield can be calculated from the concentration values.)





2NO(g)  +  O2(g)  ⇌  2NO2(g)			Kc = � EMBED Equation.3 ���





[NO2] = � EMBED Equation.3 ��� = � EMBED Equation.3 ��� = 0.21 mol dm–3





The yield would be low as Kc is relatively small (<1), so the position of the equilibrium is towards the reactants.





The reaction is exothermic, so a higher temperature favours the back reaction. Therefore the temperature should be lowered to increase the yield.


There are more molecules of gas on the left hand side of the equation, therefore raising the pressure will shift the equilibrium to the right hand side. Increasing the pressure will increase the yield.








The reactants can be separated and recycled, or the product can be separated off so that the equilibrium re-establishes to form more of the product.





	2SO2	+	O2	⇌	2SO3 


concentrations	2/4 = 0.5 mol dm–3		1/4 = 0.25 mol dm–3	8/4 = 2 mol dm–3


Kc = � EMBED Equation.3 ��� = � EMBED Equation.3 ��� = 64 dm3 mol–1








N2  +  O2  ⇌  2NO





Kc  = � EMBED Equation.3 ���





Units all cancel out, so Kc has no units.





[N2] = 10 / 200 = 0.050 mol dm–3; [O2] = 20 / 200 = 0.10 mol dm–3





[NO] = � EMBED Equation.3 ���= � EMBED Equation.3 ���= 0.010 mol dm–3


n(NO) = 0.010 × 200 = 2 mol





10 mol unreacted N2 would theoretically yield a further 20 mol NO (N2 is the limiting reagent), giving a theoretical yield of 22 mol.


% yield = (2 / 22) × 100% = 9.1%








Increase the temperature. The reaction is endothermic, therefore an increase in temperature will shift the position of equilibrium to the right.	





2 moles of gaseous reactants are converted to 2 moles of gaseous product. Pressure therefore does not affect the position of the equilibrium.





To produce 7.8 mol dm–3 HCl, 3.9 mol dm–3 of each reactant must have reacted. That leaves concentration at equilibrium of 0.10 mol dm–3.





Kc = � EMBED Equation.3 ���= � EMBED Equation.3 ���= 6.1 × 103 (no units)





It is an acid so it can be titrated against an alkaline solution (e.g. NaOH(aq)) of known concentration. The reaction mixture should be added to a large volume of cold water to quench it (to slow down any reactions).





		HCOOH(l)	+	C2H5OH(l)	⇌	HCOOC2H5(l)	+	H2O(l)


	Amount at start / mol	25/46 = 0.543		25/46 = 0.543		0		0	


	Amount at eq. / mol	10/46 = 0.217		0.217		0.543 – 0.217 = 0.326	0.326





		HCOOH(l)	+	C2H5OH(l)	⇌	HCOOC2H5(l)	+	H2O(l)


	0.217 / 0.050		0.217 / 0.050		0.326 / 0.050		0.326 / 0.050


Conc. / mol dm–3	4.34		4.34		6.52		6.52








	Kc = � EMBED Equation.3 ��� = � EMBED Equation.3 ��� = 2.3 (no units)





	theoretical yield = 0.543 mol; actual yield = 0.217 mol


	% yield = (0.217 / 0.543) × 100% = 40%








	Kc = � EMBED Equation.3 ���(no units)





		CH3COOH(l)	+	C2H5OH(l)	⇌	CH3COOC2H5(l)	+	H2O(l)


	Initial amount / mol		1		1		0		0


	Equilibrium amount / mol	1 – x		1 – x		x		x








	4.1 = � EMBED Equation.3 ���	(	x2 = 4.1(1 – 2x + x2)	(	x2 = 4.1 – 8.2x + 4.1x2


	3.1x2 – 8.2x + 4.1 = 0





Solving the equation gives x = 0.67 or x = 1.98. 


x cannot be 1.98 (mol), because there was only 1 mol of each reactant to begin with. Therefore x must be 0.67.








The amount of each product is 1 – 0.67 = 0.33 mol.


	theoretical yield = 1 mol, so % yield = (0.67 / 1) × 100% = 67%
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