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Higher Chemistry Unit 3 — Chemical Reactions
Topic 1 — Chemical Equilibrium

Reversible Reactions

We are already familiar with reactions that arer@neThey ‘go to completion’ and the
products do not change back into the reactants.

€g I\/lgs) + 2|_Jl(aq) - Mgz+(aQ) + I_L(Q)

However, there are many reactions in which theugisod¢an react to reform the
reactants. They are called reversible reactions.

eg heating hydrated cobalt chloride, C6&JO
CoCJ.6HO _hea CoCJ+ 6HO
pink blue
The pink hydrated form returns when water is added
CoClH+ 6HO —» CoCl6HO
Such a reaction can be shown using reversiblge arrow
CoCJ6HO == CoC}+ 6HO

Reversible reactions give rise to a situatiahegligibrium.

Consider the general reversible reaction:

A+B=—= C+D

If we start with A and B an allow them to reagt, timitially, the rate of the forward
reaction, 1 is high because the concentrations of A andngyard he rate of the back
reaction, [ is zero initially because the concentrations afdCD are zero. As the
reaction proceeds the concentrations of A andré&asieavhile the concentrations of C
and D increase. This meanpfalls and rincreases. This continues until the two rates
become equal. At this point the concentration 8f, & and D do not change and the
system is in chemical equilibrium.

forward
reaction
Reaction
rate .
equilibrium
=1
backward
reaction (f)

Time

At the molecular level the forward and backwartioreaare continuing but, because
their rates are equal, the concentrations of dhesdbstances remain constant. This is
called dynamic equilibrium.

Note that equilibrium is reached only in a cloggdm. This means that no substances
are added or removed.
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Higher Chemistry Unit 3 — Chemical Reactions

Position of Equilibrium

It is important to realise that a system in equilibdoes not imply 50% reactants and
50% products — this would be a rare occurrensenia cases equilibrium is established
when the forward reaction is nearly complete aymvibat the equilibrium lies to the
right. In other cases equilibrium is reached wWigefotward reaction is barely started.
Such an equilibrium lies to the left. The two grdgg@how show how the concentrations
of A, B, C and D might vary with time as equiliborig being established. In the left
graph the concentrations of A and B are greateCtlaand D at equilibrium so this
equilibrium lies to the left. In the right grapl doncentrations of A and B are less than
C and D at equilibrium so this equilibrium liegheright.

C&D
e
je) je)
*§ A&B *§
c c
[¢D) (D)
(@] (@]
[ [
(@) (@)
®) C&D O

A&B

Time Time

For a reaction, the same equilibrium positionasheel whether we start from the
‘reactants’ or the ‘products’. In the above examgtr the same conditions the same
equilibrium position would have been reached hfadiestarted with C and D. This can
be shown using the fact that iodine is solubléchiaroethane (€1.Cl) and also in
agueous potassium iodide solution. Tubes X angré&seat the 2 starting positions.
Tube Y represents the same equilibrium positaneattfrom the 2 starting points.

LX LY Z

ht brown\

lig
| — Klag) I K,gj
(colourless) (brown)

-

Y

— light puple

l, inGH,Cl, CH.Cl
— 2(IOUVIC’|39) N (CO|OfIr|eSS)

Factors that affect the Position of Equilibrium

Many reactions in the chemical industry (eg Habee$) are equilibria. It is important
to understand what factors control the positiaqguoilibria since this clearly affects the
conversion of reactants to products. Equilibriumeashed when the rates of two
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Higher Chemistry Unit 3 — Chemical Reactions

opposing reactions become equal, so it seemabEasorstudy the factors that we
already know affect reaction rates:

a) catalysts

b) concentration

C) pressure (of gases)
d) temperature

Effect of Catalysts on Equilibrium

A catalyst has the effect of lowering the energyr batween reactants and products by
providing an alternative reaction path. From thphgwe can see that if the barrier is
lowered for the forward reaction it is also lowlerethe back reaction by the same
amount. The net effect is that a catalyst doeslteotthe position of equilibrium.
However, a catalyst speeds up both the forwardamkd reactions so the same

equilibrium is reached more quickly.
A /no catalyst

i
[\
Enthalpy lEa /\\

with cataly

A

—

DH is the same with
or without a catalyst

—

E Forward activation energy, no catalyst E Back activation energy, no catalyst
E Forward activation energy, with catalysE, Back activation energy, with catalyst

Effect of Concentration on Position of Equilibrium
Consider the following equilibrium:

A+B=—= C+D

Increasing the concentration of A or B will sppatiaiforward reaction so producing
more C and D until a new equilibrium position fartho the right is established.
Decreasing the concentration of C or D will slomndbe back reaction which converts
C and D into A and B. This means the concentraticdd and D will increase again
moving the equilibrium position to the right.

By a similar argument either increasing the coabemtof C and D or decreasing the
concentration of A and B moves the equilibriure detft.

The two following reactions illustrate these points

IC.!I) - Cly =— ICl,
brown liquid yellow crystals
When chlorine is added we see an increase indiet arinyellow crystals and a decrease
in brown liquid. This is because the increase iocaicentration of chlorine has speeded
up the forward reaction and moved the equilibrauthé right. Removing chlorine has
the opposite effect and the equilibrium movestieth
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Higher Chemistry Unit 3 — Chemical Reactions
+
" — FeCN%
Fé (aq) CN S('aq) FeC aq)
colourless red

The intensity of the colour indicates the posdfdhe equilibrium i.e. the more red the
colour the further right the equilibrium lies.

Some of the equilibrium mixture is put in 4 tebesuand A is kept as a control. The
diagram shows what was added to the others aaduhi®g change in appearance.

I A ( B C ) D [
blood
red
orange b
\_/ N
FeCJ KCNS NaCl
control added added added

The addition of either Feions or CNSions shifts the equilibrium to the right and
results in the formation of more of the red coniiex

When NaCl is added the @ns form a complex with*Fso the concentration of”Eag
falls. This moves the equilibrium to the left &ccblour pales.

Effect of Pressure on the Position of Equilibrium
A change in pressure can only affect equilibvi@ch gases are involved.

The pressure exerted by a gas is caused bylyhadueg gas molecules colliding with
the walls of the containing vessel. An incredise mumber of molecules in the vessel
will cause an increase in pressure, the sizeoftd@er being kept constant. Similarly a
decrease in the number of molecules causes sedecpeassure. The effect of changes
in pressure on an equilibrium involving gasesii@knt to changes in concentration on
a system involving solutions. Increasing the y@dasours whichever reaction brings
about a reduction in the total number of gas nmekddecreasing the pressure favours
the reaction that increases the total number ofaesules.

We can observe the effect of pressure using Wre dme nitrogen dioxide. Nitrogen
dioxide (NQ) exists as an equilibrium mixture with its caesridimer, dinitrogen
tetroxide (NO,).

N,O,/NO,
| s
NZO4 ‘——‘ ZNQ |
1 mole 2 moles
colourless brown <
strong clip gas syringe

Page 4 HSN13100



Higher Chemistry Unit 3 — Chemical Reactions

When the plunger is pushed in the pressure iasadreo the equilibrium shifts to the
left to reduce the number of molecules and scerdtipressure. The full results of this
experiment are in the table:

Applied pressure charJge Initial colour change Final colour change

Increase (plunger in) Darkens due to compreskightens as equilibrium shifts to the|left

Decrease (plunger out) Lightens due to expansiorken®as equilibrium shifts to the right

If an equilibrium system has the same number ohajasules on both sides of the
arrow, a change in pressure will have no effdoe @osition of equilibrium. However
an increase in pressure (i.e. concentrationhevlase the rates of both forward and
back reactions and so reduce the time for equilibyibe established.

Industrial Preparation of Methanol
We met this reaction in Unit 2

ng) + 2I_!(g) CI_;O H(g)
3 moles of gas 1 mole of gas

High pressure favours the forward reaction betgivss a reduction in the number of
gas molecules. So high pressure increases tbemidanol. In the original industrial
process (1923) the mixture was compressed torR3pheéres. In 1966, development of
a more efficient catalyst allowed the processrtm la¢ 50 to 100 atmospheres. As we
saw earlier a catalyst has no effect on equiliposition so the more efficient catalyst
did not increase the yield of methanol and the lomessure actually gives a lower yield
of methanol. The advantage is that the lower prggdant is cheaper to build and safer
to run. The carbon monoxide/hydrogen mixture ¢calfjathesis gas or syngas) in the
above process is generated as follows:

CH(Q) + I_LO(Q) ng) + 3|_!(g)
2 moles of gas 4 moles of gas

In this reaction raising the pressure would fakeurack reaction so reducing the yield
of syngas. As a result this process is run at poessaire.

Effect of Temperature on the Position of Equililbmiu
In a system at equilibrium, if the forward reactia@xothermic the back reaction must
be endothermic, and vice versa.

If the temperature is raised, then the rate ofrkatttions increases but not equally. A
rise in temperature favours the reaction that nieetlave heat supplied, i.e. the
endothermic reaction. A decrease in temperatutieehgigposite effect and favours the
exothermic reaction.

We can observe the effects of temperature usmthad$O,/ NO, system
NO, == 2NQ H = +ve

colourless brown
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Higher Chemistry Unit 3 — Chemical Reactions
Samples of this mixture in 3 test tubes at diffier@peratures are shown:

pale. (at room
brown temperature brown

ice-salt hot
freezing water
mixture
N A 4

When the temperature is raised the forward reaetiach is endothermic, is favoured
so the equilibrium shifts to the right. The comaéioh of NQ increases and so the
colour darkens. Lowering the temperature favaumesxtthermic reaction which is the
back reaction. The equilibrium shifts to the lefi #e colour lightens as the
concentration of [D, increases.

Industrial preparation of Methanol
This is an exothermic reaction:

CQ,+2H, ~= CHOH,  H=-91kImb

(The H value is given for the forward reaction)

An increase in temperature favours the back meantloso decreases the equilibrium
concentration of methanol. This suggests that tolggh yield of methanol we should
carry out the reaction at low temperature. Howlvertemperature means a low rate
and a long time to establish equilibrium. A comigeia reached at a moderately high
temperature (200 to 300°C) which gives a worthwdiiée but a reduced yield of
methanol.

The carbon monoxide/hydrogen mixture called sygasduced in an endothermic
reaction.

Cl-j(g) + I-;O(g) = CQg) + 3I—J(g) H = +206 kJ nbl

This reaction is carried out at 800°C which baetsg high rate and favours the forward
endothermic reaction. This shifts the equilibriarthé right and increases the yield of
syngas.

Le Chatelier’s Principle

The effect of changes in concentration, pressiteraperature on an equilibrium can
be predicted using Le Chatelier’'s Principle:

If a system at equilibrium is subjected to a chamgystam will
adjust to oppose the effect of the change
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Higher Chemistry Unit 3 — Chemical Reactions

The Haber Process for Ammonia

This is a good example of the application of calgonicciples to an industrial process.

NZ(g) + SI_J(g) ~ 2N|—!(g) H =—-92 kJ mol

Catalyst

In the absence of a catalyst the nitrogen andgeydardly combine. Anyway, the high
temperature needed to make the nitrogen and hydcogebine would force the
equilibrium to the left so little ammonia woulddsened. An iron catalyst is used in the
Haber process; this allows a fast reaction latgeatemperature and gives a reasonable
yield of ammonia.

Pressure

The formation of ammonia gives a decrease inriteenof molecules of gas, so a high
pressure favours ammonia production. Howevers piettoperate at high pressure are
costly to build and require expensive compressors.

Temperature

A low temperature would give a high equilibriurid yie ammonia. However a low
temperature means a slow rate and a long timem® tooequilibrium. A higher
temperature increases the rate but gives a re@lted ammonia. Clearly compromises
must be reached between the competing factorsandslmmmarised below.

Condition Pro (Advantages) Con (Disadvantages)

high pressure good equilibrium yield qof Nidostly to build and operate

good equilibrium yield of NIH  reaction slow to reach

low temperature and easy on catalyst equilibrium

The percentage yield of ammonia at various tearpsrand pressures is shown on the
graph below.

100 A modern ammonia plant operates at
about 80 atmospheres and a temperature

80 of 500K. From the graph we would
B@"C’ expect a yield of about 25% ammonia.
60 However, the yield obtained in practice
% NH 653’0 is only about 14%. This is because the
40 time the gases spend in the catalytic
60000 converter is too short for equilibrium to
20 be established. It is more economical to

remove the ammonia that has formed by

‘ ‘ ‘ ‘ ‘ cooling it to liquid ammonia and

0 200 400 600 800 1000 recycling the unreacted nitrogen and
pressure (atmospheres)  hydrogen. Repeated recycling gives a

conversion rate of about 98%.
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Higher Chemistry Unit 3 — Chemical Reactions

Raw Materials for the Haber Process

The nitrogen comes from the air. The hydrogen coomessyngas manufactured from
natural gas and steam.

CH(Q) + I_LO(Q) ng) + 3|_!(g)
An industrial process is obviously more econatinécrdiw materials are readily available.

Marketability of Ammonia

This is clearly important for any industrial pradlicere is a large market for ammonia
because it is further converted into fertilisins, acid and nylon.

Equilibrium in agueous solutions

We learned in fourth year that pure water condieattricity to a slight extent. This is
due to the slight dissociation of water molecud®avn by the equilibrium.

HZO(') I—F(aq)+ OH(aQ)
The equilibrium lies very much to the left; onty évery 555 million water molecules
dissociates.

The pH scale

Dilution of 1 mol I* HCI
With a pH meter we found that 1 m@IHICI had a pH of 0. We took 10 ml of this acid
solution and made the volume up to 100ml withllddtwater — this is a ten fold

dilution and gave us 0.1 molHICl which had a pH of 1. This dilution was repkate
several times.

It is worth remembering that for dilutions suclhas GV, = CV, where C is the
concentration and V is the volume.

Before we look at the full results, note that sduaickets are used in chemistry to

denote concentration. So'JHneans “the concentration of lgns” usually measured in
mol I,

For 0.1 molf HCI [H'] = 10" mol I

and for 0.01 mol'IHCI [H*] = 10° mol I" and so on

Results

HCI concentration  [H'] H
(mol %) mol) | P

1.0 10 0
0.1 10 1
0.01 10 2
0.001 10 3
0.0001 10 4
0.00001 10 5
0.000001 10 6
0.0000001 10 7
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Higher Chemistry Unit 3 — Chemical Reactions

Dilution of 1 mol I* NaOH
This similar experiment gave these results:

NaOH concentration [OH] H
(mol %) (mol i) | P

1.0 10 14
0.1 10 13
0.01 10 12
0.001 10 11
0.0001 10 10
0.00001 10 9
0.000001 10 8
0.0000001 10 7

lonic Product for Water
HO, =— H + OH

0 (aq) (aq)
When pure water dissociates oh@kHl is produced for every Oidn, so

[H] = [OH]
From the two previous tables above we can saepHal
[H']=[OH]=10"mol I'
The ionic product of water, k& [H'][OH] = 10" x 10" mof I
= 10" mof I

This is a very important relationship. Althougihawe worked it out for water at pH7,
it is true at all pH values.

The crucial fact to remember is that the relatmnsh
[H[OH] = 10" mof I’
must be true at all times in aqueous solutions.

The table below (which incorporates the two pievathles) shows the relationship
between [H], [OH] and pH.

Concentration of . Concentration of
H' ,y(mol I [H] PH [OH] OH,(mol I)
10 1x 10 -1 1x 10
1 1x10 0 1x 10
0.1 1x10 1 1x 16
0.01 1x10 2 1x 10
0.001 1x 10 3 1x 16
0.000 1 1 x710 4 1x1¢
0.000 01 1x710 5 1x10
0.000 001 1x710 6 1x10
0.0000001 1x10 7 1x10 0.000 000 1

1x10 8 1x10 0.000 001
1x 10 9 1x10 0.000 01
1x10° 10 1x10 | 0.0001

1 x 10! 11 1x 10 0.001
1x10° 12 1x 10 0.01
1x10° 13 1x 10 0.1

1 x10° 14 1x10 1

1x10° 15 1x 10 10
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Higher Chemistry Unit 3 — Chemical Reactions

Calculating the pH of Solutions

Example 1
What is the pH of a 0.01 mol $olution of hydrochloric acid?
HC!Q) — > H+(aq) + Cr(aQ)
1 mole 1 mole
[H] = 0.01 mof
= 10°mol '

Sothe pH =2

Example 2
What is the pH of a 0.001 mdlgolution of sodium hydroxide?

NaOH ___, Na _ + OH

1 mole o 1 m(?)ql)e
[OH]=0.001 mol'l
=10°mol T
In any aqueous solution:
[H][OH] = 10“mofI?
14
so = 2
[OH ]
1014
T
10" mol 1

Sothe pH =11

Both the examples we have done have shown piteyedilies.

In fact the pH scale is continuous running frostlesn O to more than 14, and pH
values can be non integral (although you willonoaldulations with such values).

Strong and Weak Acids

The pH of a 0.1 molisolution of hydrochloric acid is 1. Hydrochlocid & a strong
acid and is fully dissociated into ions in aqssbuison.

HC(IQ) H (aq) + C1(aq)
1 mole 1 mole

So if the HCI concentration is 0.1 mbthen [H] is also 0.1 mol'l

ie [H]70.1 =10 mol I
SothepH =1

When the pH of 0.1 mot*lethanoic acid is measured it is found to be 8.ifdicates a
lower hydrogen ion concentration. Ethanoic aadwsak acid because it is not fully
dissociated into ions in agueous solution.

+H

CHCOOH,, ~—= CHCOO

Page 10 HSN13100
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Higher Chemistry

Comparison of Strong and Weak Acids
Equimolar (0.1 mol”) solution of hydrochloric and ethanoic acids ezenpared in a
number of experiments. The results were:

Unit

3 — Chemical Reactions

Hydrochloric acid Ethanoic acid
pH 1 3
Conductivity High Low
Reaction with Mg Fast Slow
Reaction with CaCO Fast Slow

The higher concentration of*(l;lgions in hydrochloric acid accounts for the lower pH
the high conductivity and the faster reaction rates

The experiments above can be used to distingarsiatd weak acids.

Amount of Alkali Neutralised by Strong and WealdAci
Neutralisation is the joining of ldnd OH ions to form water.
I_r(aq) + OI_]‘(r':wl) I_IZO(I)
We might expect that weak acids with their lowereotration of H_, ions would
neutralise a smaller amount of alkali than a sioithgHowever 0.1 matl éthanoic acid
neutralises exactly the same volume of sodiumxidgdsplution as 0.1 mof |
hydrochloric acid.
+H

CHCOOH,, = CHCOQ,, (aq)

removed by OH, to form water

Ethanoic acid is a weak acid so at any one tineeighee small concentration of H
ions. As these are removed from the equilibriutarentsy joining with OH,  ions to
form water, the equilibrium shifts to the right.r&6HCOOH molecules dissociate to

produce more T—(Lq) ions which are in turn neutralised by QHons. This continues
until all the weak acid molecules have dissoaradeso the same amount of alkali is
neutralised by a weak acid as a strong acid.

This all means that the amount of alkali neutlat@enot be used to distinguish strong
and weak acids.

Examples of Strong Acids
Hydrochloric acid HCl—> H __ +CI

(ag) (aq)
Nitric Acid HNQ — H ,+NQ
Sulphuric Acid

l_LSQ - 2H(aq) + S(j_("m)
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Higher Chemistry Unit 3 — Chemical Reactions
Examples of Weak Acids
Carboxylic acids

We have used ethanoic acid as an // //

example of a weak acid, but the— \ ~ \ + (aq)
carboxylic acids in general are weak _

acids. (aq) (aq)

Note that the hydrogen atoms bonded to carbomiosave
tendency to ionise. The hydrogen atom bonded to the
attraction __ /é+ oxygen has a limited tendency to ionise.

of \
electrons ‘t‘“ The polarisation of the covalent bonds makes the

hydrogen + and assists in its removal as ‘it

d-

Carbonic Acid
Carbon dioxide is slightly soluble in water giti@gveak acid, carbonic acigCB,

CQ,+ HO, — HCQ,, = 2H , + CQZ_(aq)

Sulphurous acid
Sulphur dioxide is very soluble in water formiagvirak acid, sulphurous acigh®|

Sq(g) + I_LC)(l) HZSQ(aQ) 2|_r(aQ) + Sq_(aOI)

Sulphur dioxide is released into the atmosphetige byombustion of fossil fuels. It
dissolves in atmospheric moisture to give sulghacal one of the main constituents of
acid rain.

Strong and Weak Alkalis
A strong alkali like NaOH or KOH is fully dissasikinto ions in aqueous solution.

NaOH, —» Nd,, + OH

Ammonia gas is very soluble in water. The soisittoweak alkali because it is not fully
dissociated into its ions in aqueous solution.

N H3(g) + I_LC)(l) N Hlo H(aOI) N I_!:(6\(1) + OH

The equation below shows why an ammonia solutiaikailsne — the lone pair of
electrons on the nitrogen attract thdiydrogen on the water molecules.

(aq) (aq)

(aq)

non-bonding electrons

l /new bond forms |

___________________ d+ d+

o -, N ‘79 o ., +
d+ W 7, d+ SO / W ’,
W ‘s N W\ ‘7

bond weakens B |

ammonia ammonium ion
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Comparison of Strong and Weak Alkalis
The table below shows the results of comparingd).i' sodium hydroxide and 0.1
mol I ammonia solutions

Sodium hydroxide Ammonia
pH 13 11-12
Conductivity High Low

Strong and weak alkalis cannot be distinguisheahiparing the amount of acid they
neutralise. (This is exactly the same as we dlesetiez with strong and weak acids.)

A weak base like ammonia is only slightly iormsedially the [OH] is low.

NHOH,, <= NH',,+ OH

(aq)

removed by H,, to form water

As acid is added, thé lens join with OH ions to form water. The equilibrium shifts to
the right producing more OHons which are in turn neutralised. Eventuallyhall
ammonia solution dissociates and so neutralissanteeamount of acid as a strong
alkali.

Confusion of Strength and Concentration
Don't confuse strong and weak with concentratedilanel.

Strong Weak Concentrated Dilute
fully dissociated in | not fully dissociated in a lcf;[tt(l)(fe ?/S;?é? na a l;gieo?f,)vlgii rm a
aqueous solution aqueous solution eg 2 mol eg 0.1 motl

Hydrolysis of Salts

When salts dissolve in water they become fubgdorBometimes these ions can disturb
the water equilibrium giving an acidic or alkslhation.

HZO(') I—F(aq)+ OH(aOI)
When there is an interaction between the watdibagm and the ions from the salt we
say that salt hydrolysis has taken place. Lkta kmme examples.

Ammonium chloride solution
We have HO, = I-F(aq) + @ = NH,OH

and NHC|, —» w + Cl,

The H" and Clions have no tendency to join because HCI isng stcid and so is fully

ionised. However NH,, and OH , are the ions of a weak base — they cannot remain
totally free of each other. Some must assodiatmtblH,OH molecules. This removes
OH™ from the water equilibrium which shifts to thiatrtg replace them; this results in

an excess of'kbns. The solution is therefore acidic, with degklthan 7.
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Sodium ethanoate solution

We have |‘£O(I) — m OH(aq)
and CHCOONg, —

CHCOOH

The Nd and OH ions have no tendency to associate as NaOH risng alkali.
However CHCOO™ and H are the ions of a weak acid and so cannot restalin t
dissociated. Some must join to give@MOH molecules. This of course removés H
ions from the water equilibrium which shifts toritlet to replace those removed. This
results in an excess of Gdhs giving an alkaline solution, with pH greater 7.

Potassium nitrate solution

We have |‘£O ~— H + OH

() (aq) (ag)

and KNQ(S) - > I<I-(aq) + Nq(aQ)

The H" and NQ; are the ions of a strong acid and tharii OH are the ions of a
strong alkali. Therefore none of the ions hasemaerncy to associate so the water
equilibrium is not disturbed and the solution igraé with a pH of 7.

Soaps
Soaps, as we saw in Unit 2, are salts of londathaarcids
eg sodium stearatehf, COONa"
Like sodium ethanoate, they are salts of a carlamxgl So they are salts of a weak acid
and a strong alkali. As a result, their solutiomater will be alkaline.

To summarise
a. The salt of a weak acid and strong alkali giadisadine solution
eg CHCOONa, NaCO,, NaSQ,, sodium stearate

b. The salt of a strong acid and a weak alkali gigeglac solution.
eg NHCI, FeCl

c. The salt of a strong acid and a strong alkaliegneadral solution
eg NaCl, KNQ, NaSO,, MgCl,, CaCl

Equilibrium in saturated solutions

A saturated solution in contact with undissolviedesis an example of a system in
equilibrium
+
NaC(L) Na(aq) + C1 (ag)
No further overall change occurs once saturatieacised. However solute continues to
dissolve at a rate just balanced by the ratechtsehd crystallises from the solution.
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