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7.1.1The State of Equilibrium

The State of Equilibrium

Reversiblereaction

Somereactions go to completionwhere the reactants are used up to formthe products and the
reactionstops whenall of the reactants are used up

Inreversible reactions the products canreactto reformthe original reactants
= Toshowareversiblereaction,two half arrows areused: =

The diagram shows an example of a forward and backward reaction that can be written as one equation
using two half ammows

Dynamic equilibrium

Inadynamic equilibriumthe reactants and products are dynamic (they are constantlymoving)
Inadynamic equilibriumthe rate of the forward reactionis the same as the rate of the backward
reactioninaclosed systemand the concentrations of the reactants and productsis constant

Thereis no change inmacroscopic properties suchas colourand densityas theydepend on
concentration
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The diagram shows a snapshot of a dynamic equilibrium in which molecules of hydrogen iodide are
breaking down to hydrogen andiodine at the same rate as hydrogen and iodine molecules are reacting
togetherto form hydrogen iodide

The diagram shows that the concentration of the reactants and products does not change anymore once
equilibrium has been reached (equilibrium was approached using reactants)
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The same equilibrium can be approached starting with the products

Aclosed systemis oneinwhichnone of thereactants orproducts escape fromthereaction
mixture

Inanopensystemsome matterislostto the surroundings
When areactiontakes place entirelyinsolution, equilibrium canbe reached inopen flasks
If thereactioninvolves gas, equilibriumcanonlybe reached inaclosed system
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The diagram shows a closed system in which no carbon dioxide gas can escape and the calcium
carbonateis in equilibrium with the calcium oxide and carbon dioxide

The diagram shows an open system in which the calcium carbonate is continually decomposing as the
carbon dioxide is lost causing the reaction to eventually go to completion

O Exam Tip

Acommonmisconceptionis to think that the concentrations of the reactants and products is
equal,however, theyare not equal but constant (the concentrations are not changing).The
dynamic equilibrium can be reached by starting eitherwith the reactants orproducts.Inboth
cases,the concentrations of the reactants and products remainconstant once dynamic
equilibriumhas beenreached.
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7.1.2The Equilibrium Law

The Equilibrium Constant
Equilibriumexpression &constant

= The equilibriumexpressionis anexpressionthatlinks the equilibriumconstant, K to the
concentrations of reactants and products at equilibrium taking the stoichiometry of the
equationinto account

= So,foragivenreaction:

aA+bB=cC+dD

the K.is expressed as follows:

Equilibrium expression linking the equilibrium concentration of reactants and products at equilibrium

= Solids areignored inequilibriumexpressions
= The K.ofareactionis specific to agivenequation

@ Worked example

Deduce the equilibrium constant expressionforthe followingreactions

1.Ag*(aq) +Fe?*(aq) =Ag(s) + Fe3* (aq)
2.N2(9) +3H2 (9) = 2NH3(9)
3.2S0,(g)+02(g) =2S03(g)

Answer:
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Answer 1:

[Fe (ag)]
© [Fe*(aq)] [Ag*(ag)]
[Ag(s)] is not included in the equilibrium expression as it is a solid

Answer 2:

__INH @)
© [N, (1 [H, (@I

Answer 3:

) - 1S0s@T
° [S0, (9)]* [0, ()]
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The Size of Kc

= Thesize of K. tells us how the equilibrium mixture is made up withrespectto reactants and
products

= [f K. >1,theconcentrationof productsis greater thanthe concentrationofreactants and we say
that the equilibriumlies to the right hand side

= |f K, <1,thenthe concentrationofreactantsis greater thanthe concentrationofproducts and
we say that the equilibriumlies to the left hand side

= K.isaconstantataspecified temperature

= Sincetemperature canaffectthe positionof equilibriumit follows that K. is dependenton
temperature

@ Worked example

Whenthe followingreactions reach equilibrium, state whetherthe equilibrium mixture contains
mostlyreactants orproducts. Assume the value of K.corresponds to the temperature of the
reaction mixture

1.Ag*(aq) +Fe?*(aq) = Ag(s) +Fe3*(aq) K.=7.3x102¢

2.Ny (9) +3H, (9) = 2NHz(9) Ke=2.6x10718
3.250,(9)+05,(9) =2503(9) Ke=5.0x1013
Answer:

= Tand 2:As K.is verymuch smallerthan1the denominatorin the equilibrium expressionmust be
much largerthanthe numeratorso the concentration of thereactants is muchlargerthanthe
concentrationof products.The equilibrium mixture contains mostly reactants

= 3:AsK.isverymuchlargerthanlthe numeratorinthe equilibriumexpressionmustbe much
largerthanthe denominatorso the concentration of the products is muchlargerthanthe
concentrationofreactants.The equilibrium mixture contains mostly products
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7.1.3 Equilibrium Constant Relationships

Equilibrium Constant Relationships

= [nthe previous sectionwe saw that the concentrations of the substances are raised to the
power of the coefficients fromthe balanced equation

= This means the Kc expressionis dependent onaspecific equation

= Forexample,take thereactionbetweennitrogenand hydrogento make ammonia

VzNz(g) + 11/2H2(g): NH3(g)

= The K. expressionforthisreactionis:

= |fyoudouble the stoichiometrythe equationbecomes
Nag + 3Hag) =2NHzg)

= ThenewK.expressionforthisreactionis then:

= Whatis the relationship betweenthese two K¢ values? You can probablysee that whenwe double
the coefficient the new K¢ is the square of the original value:

= [fwereverse the equation:
2NH3ig)=N2(g) + 3H2()

= K. becomesthereciprocal of the original K. value:
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= Testyourunderstandinginthe following example:

@ Worked example

K.for2NO, (g) +F2 (g) = 2NO5F (g)is 7.1x 1032What is K. forthe followingreaction, at the same
temperature?

NO2F (g) = NO2 (9) +2F2 (9)

A. 7.1 x103
B—o
" V7.1x1032

2
" 7.1%x1032

1
" 2x7.1x1032

Answer:
The correctoptionis B.

= The originalequationhas beenreversed and halved, so the K. value must be squarerooted
and inverted to obtainthe reciprocal

O Exam Tip

Youmustuse square brackets inequilibrium constant expressions as theyhave a specific
meaning, representing concentrations.Inanexamansweryouwould lose the markif youused
round brackets
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7.1.4 The Reaction Quotient

The Reaction Quotient

Thereactionquotient, Q,is theratio of products and reactants forareactionthat has NOT yet
reached equilibrium
The expressionforQis verysimilarto Ke:

Itis ausefulconceptbecause the size of Q cantellus how farareactionis fromequilibriumand in
which directionthe reactionproceeds

ForExample,

= |[fQ =Kc thenthereactionis at equilibrium,no netreactionoccurs

= |fQ <Kcthereactionproceeds to therightinfavourofthe products

= |fQ>Kcthereactionproceedsto theleftinfavourofthereactants

Usingvalues of the concentrations of the substances presentwe canwork outif areactionis at
equilibriumornot, as the followingexample shows:
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@ Worked example

The equilibrium constant forthe followingreaction:

COI2(g)=CO(9) +12(9)

is 5.1x1072at 298 K

Deduce whetherthe followingreaction mixture concentrations representareactionat
equilibriumand forthose notat equilibriumindicate the directionis proceeding:

Answer:

Thereactionquotient expressionis

[CO (][I, (9)]

Q= "Tcon, )

Reactionmixture 1:

_ [0.050] [ 0.050]

Q [0.012]

=0.21

Inthis mixture Q >> K¢, so Q has to decrease to reachKc. This means the reaction must
be movingto the left,inorderto reach equilibrium, so the reactants are favoured

Reactionmixture 2:
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Q- [0.032][0.032] _ 005"
© 10.020] e

Inthis mixture, the value of Q =Kc, so the reactionis at equilibrium

Reaction mixture 3:

[0.025] [ 0.025]

Q= 10.150] = 0.0042

Inthis mixture Q < K¢, so Q has to increase to reach Kc. This means the reaction must be
movingto theright,inorderto reach equilibrium, so the products are favoured

Q Exam Tip

The calculationof Qis notexplicitlypart of the SLcourse,just as calculating Kcvalues only
comesinHLchemistry.However,acomparisonof Q and Kcis relevant and the worked example is
included onlytoillustrate how Q is determined from experimental data.
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7.1.5Le Chatelier's Principle

Le Chatelier's Principle
Position of the equilibrium

= The positionof the equilibriumrefers to the relative amounts of products and reactantsinan
equilibrium mixture.

= Whenthe positionof equilibrium shifts to the left,it means the concentrationofreactants
increases

= Whenthe positionof equilibrium shifts to the right,it means the concentrationof products
increases

Le Chatelier’sprinciple

= Le Chatelier’s principle says that if achange is made to asystemat dynamic equilibrium, the
positionof the equilibrium moves to minimise this change

= The principleis used to predict changes to the positionof equilibriumwhenthere are changesin
temperature, pressure orconcentration

Effectsof concentration

Effects of ConcentrationTable
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@ Worked example
A.Usingthereactionbelow:

CH3zCOOH (I) + CoH50H (1) = CH3COOC,H5(1) +HO (1)
Explain what happens to the position of equilibriumwhen:

1.More CHzCOOC,Hs4(l)is added
2.Some CyHsOH(l) isremoved

B.Use thereactionbelow:
Ce#*(aq) +Fe?+(aq) = Ce3*(aq) +Fe3*(aq)
Explain what happens to the position of equilibriumwhen

3.Wateris added to the equilibrium mixture

Answer:
Answerl:

= The positionof the equilibriummoves to the left and more ethanoic acid and ethanol are
formed.

= Thereactionmovesinthis directionto oppose the effectofadded ethylethanoate,so the
ethylethanoate decreasesinconcentration.

Answer 2:

= The positionof the equilibriummoves to the left and more ethanoic acid and ethanol are
formed.

= Thereactionmovesinthis directionto oppose theremoval of ethanolso more ethanol(and
ethanoic acid) are formed from ethyl ethanoate and water.

Answer 3:

= Thereis no effectas the waterdilutes alltheions equallyso thereis no change inthe ratio of
reactants to products.

Effectsof pressure

= Changesinpressure onlyaffectreactions where the reactants orproducts are gases

Effects of Pressure Table
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@ Worked example
Predictthe effectofincreasingthe pressure onthe followingreactions:

1.N204(g) = 2NO2(9)
2.CaCO0O3(s) = CaO(s)+CO2(g)

Predictthe effectof decreasingthe pressure onthe followingreaction:

3.2NO2(g) = 2NO(g) +0O2(9)

Answer:
Answerl:

= The equilibrium shifts to the left as there are fewergas molecules onthe left.
= Thiscauses adecreaseinpressure.

Answer2:

= The equilibrium shifts to the left as there are no gas molecules onthe left but thereis CO, on
the right.
= Thiscausesadecreaseinpressure.

Answer 3:

= The equilibrium shifts to theright as there is agreaternumberof gas molecules ontheright.
= This causes anincreaseinpressure.

Effectsof temperature
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Effects of Temperature Table

@ Worked example
Usingthereactionbelow:
Ho(g) +CO2(g) = HoO(g)+ CO(g) AH=+412kJmol™
1.Predictthe effectofincreasingthe temperature onthis reaction
Usingthereactionbelow:
Ag2CO3(s) = Ag20 (s) + CO2(9)

2.Increasing the temperature increases the amount of CO2(g) at constant pressure. s this
reactionexothermic orendothermic?

Explainyouranswer

Answer:
Answerl:

= Thereactionwillabsorbthe excess heatand since the forward reactionis endothermic, the
equilibrium will shift to the right.

Answer2:

= Thereactionwillabsorbthe excess heatand since this causes ashift of the equilibrium
towards the right (as more CO5(g)is formed) this means that the reactionis endothermic
(because endothermic reactions favourthe products).

Effectsof catalysts
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= Acatalystis asubstance thatincreases therate of achemicalreaction(theyincrease the rate of
the forward and reverse reaction equally)

= Catalysts onlycause areactionto reachits equilibriumfaster
= Catalysts therefore have no effect onthe positionof the equilibriumonce thisis reached

O Exam Tip

You are notrequired to quote Le Chatelier's Principle inan exam, but you must know how to apply
itto systems inequilibrium
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7.1.6 Catalysts & Equilibrium

Catalysts & Equilibrium
Changesinconcentration

= [fallotherconditions staythe same, the equilibrium constant K.is not affected by anychanges in
concentrationof thereactants orproducts
= Forexample,the decompositionof hydrogeniodide:

2H|‘——‘H2+|2
The equilibrium expressionis:
[H,][1;] \
K= ——>5 =6.25x10

Addingmore Himakes the ratio of [products ] to [reactants ] smaller
To restore equilibrium, [Ho] and [I>] increases and [HI] decreases
Equilibriumis restored when the ratio is 6.25 x10-3again
Changesinpressure

= Achangeinpressure only changes the positionof the equilibrium(see Le Chatelier’s principle)
= [fallotherconditions staythe same, the equilibrium constant K.is not affected by anychanges in
pressure of the reactants and products

Changesintemperature

= Changesintemperature change the equilibrium constant K.
= Foranendothermicreactionsuchas:

2HI (@) = H2(9)+ 2 (9) Ko =12l
Anincreaseintemperature:
[H2land [I2]increases

[HI]decreases
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Because[Hy]and [lo] are increasing and [HI] is decreasing, the equilibrium constant K.
increases

= Foranexothermicreactionsuchas:

[S03]?
[S03]%[0;]

2S02(g) +02(g) = 2S0s3(9) Ke=
Anincreaseintemperature:
[SOz]decreases
[SO,land [O,]increases

Because[SOzldecreases and [SO,]and [O,]increases the equilibrium constant K.
decreases

Presence of acatalyst

= |fallotherconditions staythe same, the equilibrium constant K.is not affected bythe presence
of acatalyst

= Acatalystspeedsupboththe forward and reverse reactions at the same rate so theratio of [
products]to [reactants ]Jremains unchanged

@ Worked example
Anequilbriumis established inthe followingreaction:
AB(ag)+CD(aq) = AC(aq) + BD(aq) AH=+180kJmol™

Whichfactors would affect the value of in this equilibrium?

Answer:

= Onlyachangeintemperature will affect the value of K.and anyotherchangesinconditions
would resultinthe position of the equilibrium movingin suchwayto oppose this change.

= Addingacatalystwillincrease therate of reactionmeaning the state of equilibrium will be
reached fasterbut will have no effect onthe position of the equilibrium and therefore Kis
unchanged.
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