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Advanced Higher
2.CHEMICAL EQUILIBRIUM

Reactions at equilibrium

2.12 A chemical reaction is at equilibrium when the composition of the
reactants and products remains constant indefinitely

2.13 The equilibrium constant ( K ) characterises the equilibrium
composition of the reaction mixture

2.14 The equilibrium constant can be measured in terms of concentration
or, for gases, in terms of pressure

2.15 For the general reaction aA + bB — c¢C + dD
[C]¢ [D]?

[A]* [B]®

where [A], [B], [C] and [D] are the equilibrium concentrations of A,
B, C and D, respectively, and a, b, ¢ and d are the stoichiometric
coefficients in a balanced reaction equation.

K =

2.16 In a homogeneous equilibrium all the species are in the same phase

2.17 In a heterogeneous equilibrium the species are in more than one
phase

2.18 The concentration of pure solids or pure liquids are constant and are
given the value 1 in the equilibrium equation

2.19 Equilibrium constants are independent of the particular
concentrations or pressures of species in a given reaction.

2.20 Equilibrium constants depend on the reaction temperature
2.21 Le Chatelier’s principle states that when a reaction is subject to
change the composition alters in such a way as to minimise the

effects of that change.

2.22 For endothermic reactions a rise in temperature causes an increase
in K, i.e. the yield of product is increased.

2.23 For exothermic reactions a rise in temperature causes a decrease
in K, i.e. the yield of product is decreased.

2.24 The effects of changes in concentration or pressure on the position of
equilibrium can be explained quantitatively in terms of a fixed

equilibrium constant.

2.25 The presence of a catalyst does not effect the equilibrium constant.
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Equilibria between different phases

2.26 When a solid is shaken in two immiscible liquids it partitions itself
between the two liquids in a definite ratio called the partition
coefficient

2.27 The value of the partition coefficient depends on the immiscible
liquids involved, the solute and the temperature

2.28 Solvent extraction is an application of the partition of a solute
between two liquids

2.29 Applications of solvent extraction include the purification of water-
soluble organic acids using a suitable organic solvent.

2.30 Chromatographic separations depend on partition equilibrium
between two phases, one stationary and the other mobile.

2.31 There are several types of chromatography. Examples are
paper chromatography
gas liquid chromatography

2.32 In paper chromatography, the stationary phase is the water held on
the paper and the mobile phase is another solvent.

2.33 In gas-liquid chromatography, the stationary phase is a liquid held
on a solid support and the mobile phase is a gas.

Equilibria involving ions

2.34 The Bronsted-Lowry definitions of acid and base state that an acid is
a proton donor and a base is a proton acceptor

2.35 For every acid there is a conjugate base, formed by loss of a proton.
2.36 For every base there is a conjugate acid, formed by gain of a proton.

2.37 The ionisation of water can be represented by:

A

H O + HO, = H30+ + OH

27(0) 27 (aq) (aq)

2.38 Water is amphoteric.

2.39 The equilibrium constant for the ionisation of water is known as the
ionic product and is represented by:

K, = [HO"] [ OH]
240 The value of the ionic product varies with temperature.

241 At 25°C the value of K is approximately 1 x 10" mol’ I?
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2.42 A shorthand representation of H,O* is H*. Stoichiometric equations

and equilibrium expressions can be written using H"* instead of H,0*
where meaning is clear.

2.43 The dissociation in aqueous solution of an acid of general formula
HA can be represented as:

HA(aq + HZO(D = H30+(uq) + A

(aq)

244  The acid dissociation constant of acid HA is given by:

K = [HOY[A]
[HA]

245  The conjugate base of an acid of general formula HA is A".

246  The pH of a weak acid can be calculated from the dissociation
constant.

247  The dissociation constant of an acid can be represented by pKa
where

PK =-logK

248  The dissociation in aqueous solution of base of general formula B
can be represented as:

— + a
B(aq + HO,= BH (aq) + OH (2a)
249  The conjugate acid of a base of general formula B is BH*.

2.50 The dissociation of the conjugate acid of the base can be
represented as

+ — +
BH ag T HZO(I) -7 H30 ag T+ B(aq)

2.51 The dissociation constant for the conjugate acid is

K = [HO'][B]
[BH']

Indicators

2.52 Indicators are weak acids for which the dissociation can be
represented as

Hln(aq + H20(z) = H,0* + In

(aq) (aq)

2.53  The acid dissociation constant is represented as K
the following expression

K, = [HO][In]
[HIn]
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2.54  In aqueous solution the colour of the acid (HIn) is distinctly
different from that of its conjugate base (In’).

2.55 The colour of the indicator is determined by the ratio of [Hin] to
[In].

2.56  The theoretical mid-point at which colour changes occurs when

[H']=K, or pH=pK,

2.57  The colour change is assumed to be distinguishable when [HIn]
and [In’] differ by a factor of 10.

2.58 The pH range over which a colour change occurs can be estimated
by the expression

pH=pK, + 1

Buffer solutions

2.58 A buffer solution is one in which the pH remains approximately
constant when small amounts of acid or base are added.

2.59  An acid buffer consists of a solution a weak acid and one of its
salts.

2.60 In an acid buffer solution the weak acid can supply hydrogen ions
when these are removed by the addition of a small amount of base.
The salt of the weak acid provides the conjugate base, which can
absorb excess hydrogen ions produced by the addition of a small
amount of acid.

2.61 A basic buffer consists of a solution of a weak base and one of its
salts.

2.62  In a basic buffer solution the weak base removes excess hydrogen
ions and the conjugate acid provided by the salt supplies hydrogen
ions when these are removed.

2.63  The pH of an acid buffer solution can be calculated from its
composition and from the acid dissociation constant.

2.64  The required compositions of an acid buffer solution can be
calculated from the desired pH and from the acid dissociation
constant.

H  pK. -log Acid
PH =F"a Salt
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Unit 2- Chemical Reactions

Q1 The value for the equilibrium constant, K, for a specific example of the following

02

03

reaction is equal to 1:
acid + alcohol = ester +  water
a) i) Predict the maximum yield of ester, given this value of K.
i) Give one reason why this yield might not be achieved in practice.

b) A student suggested that a careful choice of catalyst could increase the
yield of ester. Comment on this suggestion.

b) Another student suggested that increasing the concentration of the alcohol

in the reaction mixture would increase the yield of ester by altering the
value of K. Comment on this suggestion.

The balanced equation for the principle reaction in the contact process is:

250,, + O,, 5= 250,, AH = -ve

a) Write an expression for K, the equilibrium constant for this reaction,
when the system has reached equilibrium.

b) i) State Le Chatelier’s Principle.

i1) Use this generalisation to predict how an increase in temperature
would affect the position of equilibrium.

i17) Explain the effect this increase in temperature would have on the
value of K.

Write the formula for the conjugate base of each of the following acids:

a) H,O"
b) HO
¢) NH/
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Advanced Higher Unit 2- Chemical Reactions
Q4 In the Data Booklet, the solubility of barium sulphate, shown by the equation:

BaSO +  water = Ba* + SO7~
4(s) (aq) 4 (aq)

is given as less than 1 g /''. In a more advanced text book, it is noticed that an
equilibrium constant, known as the solubility product K, can be written to
represent the dissolving process. K, is equal to the product of the concentrations
of the ions in the solution:

K = [Ba*]x [SO>]

sp
a) At298K, KSp for barium sulphate is equal to 1 x 10-'° mol? /2

For a saturated solution of barium sulphate at 298K, calculate

i) the concentration of barium ions dissolved in the solution. 1

it) the mass of barium sulphate dissolved in 1 litre of solution. 3

b) A small quantity of very soluble sodium sulphate is now added to the
saturated solution of barium sulphate.

1) What will happen to the value of K, ? 1
i) What will happen to the concentration of barium ions? 1
SYS 96 (6)

Q5 When a solute dissolves in each of two immiscible liquids the ratio of the
concentrations of the solute, at equilibrium, in the two solvents is called the
partition coefficient. The partition coefficient for an organic compound (X)
between ether and water is 12.

Density of water = 1.0 g cm?

Density of ether = 0.714 g cm™

State which solvent forms the upper layer in the separating funnel.
Give a reason for your choice. 2

b) If 1.1gof X is dissolved in 100 cm® of water, how much of this

compound will be extracted (after shaking for several minutes)
with 100 cm? of ether? 2
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05 contd

¢)

d)

Q6 a)

b)

By calculation, show whether more or less solute will be extracted if the
ether is used in two 50 cm?® extractions one after the other in the above
experiment. 2

Explain why many organic compounds are more soluble in ether than in
water. 1

(7)

Calculate the pH of a solution of ethanoic acid with a concentration of
0.01 mol I''. (K ethanoic acid = 1.7 x 10”). 3

A mixture of ethanoic acid and sodium ethanoate solution constitutes a
buffer solution. Show how this buffer solution is able to resist change in pH
when small quantities of each of the following are added.

i) hydrochloric acid 2

it) sodium hydroxide solution 2

The simplified equation for the pH of a buffer solution is:

[acid] )
[salt]

pH = pK, — log(

A buffer solution was prepared from ethanoic acid (0.25 mol /') and sodium
ethanoate solution (0.15 mol ['!).

Calculate the pH of the buffer solution. 2
SYS94 (9)
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Q7 Paper chromatography is a good method for separating and identifying amino acids.

lid

chromatography tank
Chromatography

paper formed into a
cylinder and spotted
with labelled samples
(only some shown)

mixture of butanol,
w/waler and ammonia

Cylinder from the
above tank opened
and developed with ' ' . ' .
ninhydrin .
o y )
G Sample Al le Saomple ly AA H
Glycine A Alanine leucine B lysine Aspartic Hystidine
Acid
a) From the sketch identify:
i) the mobile phase 1
ii) the stationary phase 1
ii7) the minimum number of components in sample B 1

iv) one possible component of sample B (and explain why it is not possible

to know which one with certainty) 2
v) the solvent front 1
vi) the origin (or base line). 1
b) Explain:
i) the need for a lid 1
ii) the use of Rf values 1
iii) why a pencil is often a better choice than an ink pen to draw the origin 1
iv) why one component of sample A has not left the origin 1
v) why the eluant is often a mixture of solvents and not a single solvent 1
vi) whether more than one phase is involved in partition chromatography 1
vii) why a developing agent is required in the above experiment. 1
(14)

KHS Chemistry Jan 2001/Oct 2006 page 9 Equilibria



Advanced Higher Unit 2- Chemical Reactions

08 A substance X was known to be a mixture of alkanes. To help identify the various
alkanes in the mixture, gas chromatography was used. The chromatogram for the
mixture is shown below.

-~

4

A sample, which was a mixture of known alkanes, was then run on the same
machine. The following table lists the retention times found for these alkanes.

ALKANE RETENTION TIME | min
Ethane 4.1
Propane 6.2
2-Methylpropane 7.3
Butane 8.1
2-Methylbutane 9.3
Pentane 99
a) i) Name a suitable gas to use as the mobile phase (or carrier gas) 1
it) Explain your choice. 1

b) The retention time for ethane is 4.1 minutes. What is meant by ‘the retention

time’ ? 1

¢) 1) Suggestaname for alkanes A, E and F. 3
ir) Explain your choice in each case. 3

9)
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Q9 The ionic product of water ( K ) is usually taken to be 10" , but it varies
with temperature. The following table shows this variation.

Temperature | K K,
273 0.114 x 10"
283 0.293 x 10"
298 1.008 x 10"
323 5476 x 10"
373 513 x 10"
a) What is meant by the term ‘ionic product of water’ ? 1

b) Since K varies with temperature, the pH of pure water is not always 7.
Calculate the pH of pure water at 373K. 3

¢) The ionisation of water is endothermic. Explain how the information in
the table supports this statement. 1
SYS91 (5)

Q10 Phosphoric(V) acid, H,PO,, is triprotic. When neutralised by sodium hydroxide
solution, it can form three different salts.

a) Give the formula for each of the three sodium salts of the acid. 2

b) The first stage of the ionisation of phosphoric (V) acid has a dissociation
constant of 7.08 x 107 .

Calculate the approximate pH of a 0.1 mol /! solution of phosphoric(V) acid.

(You can assume that the other two stages in the ionisation do not significantly

affect the hydrogen ion concentration). 3
SYS91 (5)

Q11 Limewater is a saturated solution of calcium hydroxide. At 20°C, 100 cm® of a
limewater solution conatined 0.126g of calcium hydroxide.

a) Calculate the concentration of of hydroxide ions, in mol /', in this solution. 2

b) Using your answer to part a), calculate the pH of the solution 2
SYS 99 (4)
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Q12

013

At 298K the dissociation constant K = for water is 1 x 107,
The graph shows the variation of K with temperature.

14

1.2 /

1.0

K 0.8
(x 104

0.6

04

0.2

/

0
273 278 283 288 293 298 303 308 313
Temperature | K

From the graph calculate the pH of water at 288K 3
SYS 96 (3)

Most Indicators are weak acids of general formula HIn. Their dissociation
in aqueous solution can be represented as:

Hn — H" + In

colour A colour B
[H'] [In’]
Kindicator = -
[HIn]

At the end point, [In] = [HIn] and therefore K.

indicator

= [H*].

Use the above and the information in the table below to answer the questions

that follow.

Indicator indicator Colour change

(low pH — high pH)
Methyl yellow 5.1x10* red — yellow
Bromothymol blue 1.0x 107 yellow — blue
Thymol Blue 1.3x 107 yellow — blue
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Q13 contd

a) At what pH would the colour change be expected to take place in each of the
indicators? 2

b) A student is asked to carry out a titration of ethanoic acid and sodium

hydroxide. Which indicator in the table is most suitable for the titration?

Give a reason for your choice. 2
SYS95 (4)

Q14 250 cm® of sulphurous acid solution was prepared by dissolving 1.6g of
sulphur dioxide in water at 298K.

a) Calculate the concentration of the acid in mol /. 2

b) Using your answer to @) and your Data Booklet, calculate the pH of the
acid solution. 3

¢) Why is this acid unsuitable for use as a primary standard? 1

d) If this acid is standardised using a strong alkali, what will be the approximate

pH range of the indicator needed for the titration? 1
SYS98 (7)
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01

b)

Q2 a)

b)

Unit 2- Chemical Reactions

Answers

i) Yield = 50%

i) side reactions or impurities
The suggestion is wrong. (1)
A catalyst only brings the reaction to the same
equilibrium more quickly. (1)

K is a constant at a fixed temperature and altering the
alcohol concentration will not change the value of K. (1)
It will, however, increase the yield of the ester as the
forward reaction will be increased. (D)

K = [SO,J/[SO,I*[O,]

(6)

i) Le Chatelier’s principle states that if a system is subjected to any
change, the system readjusts itself to counteract the applied change.

ii) Increased temperature favours AH +ve. Thus the backward

2

reaction is favoured and the equilibrium position moves to the left.

iti) K will decrease.

HO
OH-

NH
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04 a)

b)

05 a)

b)

d)

Unit 2- Chemical Reactions

[Ba>*] =v1 x 100 = 1 x 10~ mol I 1
BaSO, =233.4 g mol”! (1)
Mass dissolving = 2334 x1x 107 (1)
= 2334x107g (1) 3
i) K, is a constant therefore stays the same. 1
ii) The equilibrium moves to the left therefore [Ba**] decreases. 1
(6)
i) Ether 1
i) Ether is less dense than water. 1
K = [X,VIX,J= 12 (let V grams be extracted)
12 = (V/100)/(1.1 -=V)/100 = V/(1.1-V) (1)
= 10154¢g (1) 2
12 = V/50/(1.1-V)/100
= 0943¢
Mass now dissolved in the water = 1.1 -0943 =0.157g (1)
12 = V/50/(0.157 - V)/100
V = 0.106¢
Total extracted =0.943 + 0.106 =1.049 g (1) 2
Many organic compounds are non—polar and dissolve
in non-polar solvents such as ether (water is polar). 1
(7)
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06 a) pH = Y2pK — Y2 logc
= Vax 477 - Y210g0.01
= 2.385-(-1)
= 34
or K = [H*]*/[CH,COOH]
Therefore [H*] =  V(1.75x10° x0.01)
= V1.7x107
= 4.12x 10
pH = —log[H']= —log4.12x 10* =34

b) CHCOOH, =  CHCOO

CH,COONa* , — CH,COO" ~ + Na*
S aq)

i)  AddHCl-the H*

the excess CH COO‘

i)  Add NaOH - the OH"

1ons added react with
from the salt.

+H+

(aq)

added reacts with

Unit 2- Chemical Reactions

the H*@@ from the a01d and more CH,COOH ionises
ions removed.

to replace the H* ()

c) pH =pK_ - log[acid]/[salt]

KHS Chemistry Jan 2001/Oct 2006
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Q7 a) i)
ii)
iii)

v)

Vi)

b) i)

ii)

iii)

iv)

Vi)

vii)

Unit 2- Chemical Reactions

The solvent mixture 1
The chromatography paper 1
3 1

Glycine - if the solvent were allowed to move
further up the paper then the component may

not travel the same distance as glycine. 2
Solvent front — 1
U |
' ' '
' ) ' '
'
Base line — 4
G Sample Al le Somple Ly AA H
Clcine A Aonine leucine B Lysine Aspartic Hystidine
Acid
1
To prevent the solvent evaporating away or to ensure the
atmosphere in the tank is saturated with the solvent. 1
R, values are used to identify substances. The same substance
has the same R value for the same conditions. 1
The ink may dissolve in the solvent. 1

The component is held very strongly by the paper on the baseline.
(Do not answer in terms of solubility.) 1

A mixture of solvents gives better separation;
more components are likely to be soluble. 1

Yes (mobile and stationary phases) 1
The components are colourless and so must be

reacted with a developing agent to make them visible. 1
(14)
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08 a) i)  Nitrogen or argon 1
ii) It will not react with the alkanes. 1

b) The time it takes for the compound to move through the column
from the point it was injected at to the point where it is detected. 1

c) i) A —methane, E — 2,2-dimethylpropane,
F — 2-methylbutane 3

i)  Peak F is at 9.3, which is the value for 2-methylbutane.

Peak E is at about 8.7 and therefore the alkane must
be an another isomer of pentane.

Peak A is at about 1.7 and therefore the molecule

must be smaller than ethane. 3
9)
09 a) The product of [H+(aq)] X [OH*(aq)] 1
b) [H*]? =51.3 x 10714, (1)
therefore [H*] = 7.16 x 10~ and (1)
pH=6.15 (1) 3

c) An increase in temperature favours AH +ve. As the temperature
increases so does the value of Kw and therefore more ions form.

Thus the 1onisation is endothermic. 1
(5)
010 a) NaH PO,; Na HPO,; Na,PO,  (any two, 1+1) 2
b) K, = [H*][ H,PO47]/[H,PO4] (1)
7.08 x 10 = [H*]*0.1
[H]? = 7.08 x 10
[H*] = 2.66 x 1072 (1)
pH = 1.6 (1) 3
(You could also use pH = Y2pKa — ¥2log[C].) (5)
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011 a) [Ca(OH),] 0.126/74 moles per 100 cm?

= 0.017 mol 1! (1)
[OH] = 2%x0.017=0.034 mol I"! (1)
b) [H*] = 10'%/0.034 =294 x 107" (1)
pH = —log (294 x 107°) =12.53 (1)
Q12 K, at 288K = 045 x 10" (1)
[H*] = 6.71 x 10* (1)
pH = —log (6.71 x 10%) =7.17 (1)
013 a) Methyl yellow pH =3.3;
bromothymol blue pH=17;
thymol blue pH =8.9 (3 correct =2; 1 or 2 correct = 1)
b) Thymol blue. (1)
The titration involves a weak acid and strong alkali
therefore the salt will have a pH above 7. (1)
Q14 a) 1.6/64.1 = 0.025 mol in 250 cm? (1)
= 0.1 mol I (1)
b) pH = V2 pKa — Yaloge (1)
= (Y2x1.8) — (¥210g 0.1) (1)
= 14 (1)
or K = [H*][HSO*]/[H,SO,] (1)
H* =  vKax[HSO,]=V(1.5x10?) x(0.1) (1)
= 3.87 x 1072
pH = —log[H]=14 (1)

(If the wrong equation is used then zero marks.)
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Q14 contd

c) It is volatile, i.e. SO, is given off from solution.

or It is unstable. 1

d)  Accept range within 7.5 — 10.5 but must have at least 1.5
of a difference between values. 1

(7)
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