Week 8 Controlling the Yield of Reactions

Take the industrially important reaction:
N, (g) + 3H, — 2NH, (g)

The amount of ammonia obtained upon mixing the
reactants is less than stoichiometrically predicted.
The reaction seems to be “stuck” when less than 2
mols of ammonia have been formed.

The stage when quantities of reactants and products
remain unchanged is called chemical equilibrium.
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Reversible reactions
Water melting

H0 (s) — H0 ()
Water freezing

H,O (1) — H,O (s)

H,0 (1) [ H,0 (s)

Nickel-metal hydride (NiMH) batteries

Discharging

NIOOH (s) + MH (s) ['] Ni(OH), (5) + M (s)

Ammonia
N, (9) +H, (9) [ 2NH, (g)

Equilibrium explained

Rate
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The variafion of the rates of the forward and
back reactions with Sme whin nirogen and
hydrogen are mixed
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Changes in the concentrations of N, H, and
NH, as a mixture of nitrogen and hydrogen gas
reacts. As indicated by the coefficients of the
equation for the reaction, for every amount of
N, that reacts, three times as much H, reacts
and twice as much NH, is produced.




Equilibrium is a dynamic state since forward and back reactions occur
simultaneously.

During dynamic equilibrium:

» The amounts and concentrations of chemical substances remain constant

* The total gas pressure is constant (if gases are involved)

» The temperature is constant

* The reaction is ‘incomplete’ (all of the substances are present in the
equilibrium mixture)

The Equilibrium Law
Consider the reaction

N, (9) + 3H, (9) [ 1 2NH;, ()

An unlimited number of different equilibrium mixtures of N,, H, and NH,
can be prepared:

TaeLe 16.1 Concentrations of different equilibrium mixtures for
N,(0) + 3H,(0) ==2NH (g) at 400°C

Equilibrium INH] [NH,] INH 2
mixture (M) NIH,] MIHF
A

0.25 0.75 0.074 0.39 0.052
B 055 065 0.089 025 0.052
G 0.0025 0.0055 48x10% 033 0.051
D 0.0011 0.0011 27x107 0.23 0.051

There is no obvious relationship between N,, H, or NH,.

NH;]

) ) [
No relationship can be seen for the values of IN2J[He]

similar fractions

or many other

NH.J* .
o] T gives an almost constant value of each mixture.

However, the fraction W

This concentration fraction is known as the reaction quotient for the reaction.

It is only at equilibrium that the reaction quotient has a constant value:

__INH:T?
[Nz][H:T’

Where K is known as the equilibrium constant.

al
. I this casa tha unit

From studies of equilibria, it is found that: M a3

« Different chemical reactions have different
values of K.

« For a particular reaction, K is constant for all
equilibrium mixtures at a fixed temperature.

For the equation
aW + bX [] cY + dZ ata particular temperature then:
_yrzr’
[WI'IXP
where K is a constant.

This is known as the equilibrium law.

Note that the Equilibirum Law depends on the equation used for the
reaction e.g.

N,O,(g) == 2NO,(g), for which K, = [NO,F

U8 (&) l_lNzo;]
0

ZNO,(g) == N,0,(g), for which K, = N, ‘!
INO,|

1 NO,]
FNO(8) == NO(g), forwhichK, = W

Therefore, it is important that the equation be specified when an
equilibrium constant is quoted.




What does an equilibrium constant tell us?

The value of K is based on equilibrium concentrations of products
divided by equilibrium concentrations of reactants.

Therefore, it gives an indication of how far forward the reaction
proceeded before equilibrium was reached.

» When K is between 104 and 104, there will be significant amounts
of reactants and products at equilibrium.

* When K is very large (>104) the equilibrium mixture consists mainly
of products.

* When K is very small (<10), the equilibrium mixture consists
mainly of reactants.

Effect of temperature on equilibria

The value of K depends on temperature.

It is not affected by addition of reactants or products, changes in pressure,
or the use of catalysts.

The effect of temperature on K depends on whether the reaction is
exothermic or endothermic.

As Te increases:

For exothermic reactions, the amount of
products decreases (K decreases) e 1 ‘
o to specify the temperature at which an
equilibrium constant has been measured.
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Figure16.8 ——
Effect of temperature on & for exothermic and
endothermic reactions.

Calculations using equilibrium constants
The following examples deal with equilibrium reactions in which reactants are
not completely consumed.
Worked example 16.2a
Calculate the value of the equillbrium constant for the reaction represented by the equation:
H,(z) +L,(g) == 2HI(g)

at460°G, If a 2.00 L vessel contains an equilibrium mixture of 0.0860 mol of H,, 0.124 mol
ofl,and 0.716 mol of HI.

Solution
nH) 00860

[H,) —m— 00 - 0.0430M

0.124
[] T 0.0620 M
HI 7—0'715 =0.358M
M =555 =0

12 12
o 0358 1

“THIN] T 0.0430 % 0.0620

The equillorium constant has a value of 48.1. [Note that In this example the constant has

no units as the number of particles n the numerator and denominator of the concantration
fraction are equal.)

Worked example 16.2¢

Al a particutar temperature 0.0500 Mol of S0, 0.0100 mol of 0, and 0.1500 mol of S0, weré
mixed in & 2.00 L vesssl and allowsd 10 reach equilibium acconing o M equation

250, (g) + O,5) == 250,(g)

Analysis snowed that 0.1400 mel of S0, was present in the jas mibdure at equIRUm
(Capculate the vaue of Me equilibium constant al this temparature.

Solution
Batauess ha amount of S0, has delreased, 4 net BAcK reaction ML Naws OCoumed.
The amourit of S0, that has reactad 15 01500 - 0.1400 = 0.0100 mal
From Whe equalion, 2 mol of 50, decomposes 1o 2 mal of 50, and 1 mal of 0, Thereire,
10,0100 mad of S0, will foem 0.0100 mal of S0, and 0.006 00 maol of 0,
50 al equilbrium
AEDY = 00100 + 0.0500 = 00800 mol
) = 0.005 00 + 0.0100 = 0.0150 mol
S0y = 0.1400 Mot
rJSEIi 0600
50, = o 0.0300 M
0.0150
10 = —5 5 = 0.007 SO M
0.1400
(50 == 00700 M

00700
003007 « 0.007 50
The equistium constant has a valug of 726 M-,

=726 M




Worked example 16.2b
The squillbrium constant for the reaction described by the equation:

N,O,(g) == 2NO,(g)
Is 4.5 M & 80°C. In an equilbrium mixture at this temperature, what Is the concentration of
NO, If the concentration of N0, Is 0.0012 M?
Solution
[NO,J2

g

45

2

Theref o =45
E!’EU[Em— X

[NOJ? = 4.5 x 0.0012 = 0.0054
Taking the square root of bath sides, [NO,] = v0.0054 = 0.073 M
The concentration of NO, In the equilibrium mixture Is 0.073 M.

Worked example 16.2d

The equilibrium constant for the reaction N,0,(g) = 2NO,(g) Is 4.5 M &t 80°C.

A gas mixture Ina 2.0 L vessel at 80°C contained 0.20 mal of N,0, and 0.30 mol of NO,,
Declde If the reaction Is at equilibrium and, I It Is net, predict the direction the reaction will
shift o reach equilibrium.

Solution
N,0,] :':,—E:i%%:%: 0.10 mol
[NO,] =%€fj=%= 0.15 mol
The reaction quot\ent% = % =023 M

Since the reaction quotientis not equal to K, the reactions not In equilibrium. For anequilibrium
to be estabiished and the reaction quotient to equal K, the concentration of NO, must Increase
and the concentration of N,0, must decrease, l.e. a net forward reaction will cccur.

Changing the equilibrium position of a reaction

This may be changed by
1. Adding or removing a reactant or product

2. Changing the pressure by changing the volume where gases are involved
3. Dilution where solutions are involved

4. Changing the temperature

1. Adding or removing areactant or product

Consider N, (g) + 3H, (9) - 2NH,

Addition of more nitrogen will cause the mixture to be out of equilibrium
momentarily:

Concentration
(not to scale)
AsN2 T = forward reaction T = T NH3
N _
As NH3 T, N2 and H2 back reaction T :
He
Ultimately, forward and back reactions &
become equal again and a new equilibrium -—
is reached where concentrations of all the NHa
substances have changed.
T —— Tir
The overall effect is a net forward reaction. it equibrium "

Nitrogen  New equillbrium
added  established

IFEgumlB.g —_ - :—:'

A representation of changes in concentrations
that occur when additional nitrogen gas is
added to the equilibrium

Nyfgl + 2Hyfa) === 2NH,{g).




Le Chatelier's Principle Henri Louis Le Chatelier
“If a change is imposed on a system at equilibrium, the

system will adjust itself to partially oppose the effect of g
the change.”

The equilibrium will never completely return to its
original state, but it will tend to oppose the effect.

This principle can be used to predict the
consequences of adding substances to, or removing

2. Changing the pressure

a. By changing volume

Gas pressure can be changed by increasing or decreasing the volume of
the container while keeping temperature constant.

Example 16.3a

Duning Suruni: ackd manulactee, ong Siap Voles Sullur dge reacting with oagen 1o
torm sutt ioxde gas:

80, ) + Oylg) T 250, ()

3 gas particlos 2 gas particlos
In s exquilbrium the formed reachon ivohies a reduction 0 the rumber of paticles of gas,
caursing it rescilon i pressung. The back reaction krobves an icreas: in e nuriber of gas
parcEs, CAUSY @ CreEss In pressure. Appiing Le Chaleder's princpls, an equilbium
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18,10} p ) 15 shown In Figure 16,11,
e
| § vy
LI
- 50, mokscuton:

5 r 0| s
- - Oy mokede 3 - * O mokecuen:
"
0

. & ﬁso,.m.” “'“Lw B 0y mokecues: &
Total

Tt v

F - n .Fiﬂmmn —
Figure 1610 —— = — =

/OG0 == m0g | et 250,61 + 0,1 = 2500l

substances from an equilibrium mixture. 1850 - 1936
Example 16.3b
Colouness dintrogen 3 n aquibduT:
Ny, = 2NOg)
1 gns panticle 2 gas particles
‘Whian an equiibum mbdure of e gases & cOMpressd It & obsenesd that, afer an inmal
0 e Tikgher g, s mibden

fades. ik b o |
The gyslem adjusts 10 e Increased pressur by undergeing & nel (e reaction: e
aquilorm moves I the crecton that produces fewer parices &nd redices ine pressure
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b. By adding an inert gas (without changing container volume)

such as helium, neon or argon.

In this case, because the concentration of the reactants does not change,
there is not change in the equilibrium (no net forward or back reaction)

3. Dilution

Effect of dilution by adding water is the same as changing the volume in
gaseous equilibria.
Where possible, a net reaction occurs in the direction that produces the
greater number of particles.
e.g. Fe3 (ag) + SCN" (aq) —— Fe(SCN)?* (aq)

2 particles in solution 1 particle in solution

SCN-

Fe ]

Concentration
&
+]
%
-\I

Diution Mo axpalibitum
ostablighend

lﬁwml&'ld : O

Graph showing the effect of diktion on the
equilibrium
Fe{aq) + SCNfaa) = FefSCNF{an).




4. Changing the temperature

2NO, (g9) = N,O, (g) is an exothermic reaction

Heating such a reaction will cause it to try to remove energy by a net
back reaction.

g Nlﬂ_ 1
v, L—r——
An increase in temperature in an g
equilibrium mixture results in: Time
i
. Squilbrm
* A net backward reaction (less Temperaturs M el

products) for exothermic reactions

Figure 16,16
The effect of heating on the equibbrium
M0 jo) == N0

* A net forward reaction (more products)
for endothermic reactions.

Do all reactions reach equilibrium?

Production of lime
CaCO;, (s) — CaO (s) + CO, (9)

Reactions considered as continuing:

» where products are gases which escape the
reaction mixture.

» where reactants are in minute quantities.

Figure 16.17 =

Limsstorss i heatied 1o 100070 = this ki

b convert R & lime. B the process wede
perdomed in a sealed container an equilbrium
mickire would form Insbenad, the carbon
chamice praciuced is allowed 1o eacape 5o that
comversion o ke is complete. The imestons
takess approximately 30 hours b travel the
vartical length of the biin, befors smergng

s ime.

Extension

Carbon dioxide transport

Carbon dioxide Is produced by cells during respiration. An equilibrium between carbon
dioxide gas and dissolved carbon dioxide Is established.

CO,(g) == CO,(aq)
The relatively high concentration of carbon dioxide gas drives this reaction forward. The
forward reaction Is assisted by reaction of dissolved carbon dioxide with water:

CO,(aq) + H,O() == H,CO,(aq)
H,CO,(aq) # H*(aq) + HCO; (aq)

In this sequence of reactions, carbon dioxide forms carbonic acld, a weak acld, which
In turn Is In equilibrium with the hydrogen carbonate lon. Almost 95 per cent of carbon
dloxide Is transported back to the lungs as HCO,~

Inthe lungs, the low concentration of carbon dioxide gasin alrcauses these reactions
to occur In reverse, releasing the carbon dioxide gas, which Is exhaled.

Carbon monoxide poisoning
Carbon monoxide Is a colourless, odourless and tasteless gas present In cigarette
smoke and In the exhaust gases from car engines. It forms when carbon or carbon
compounds burn In a limited supply of alr. It Is toxic because, Ike oxygen, it reacts with
haemoglobin:
haemoglobin + carbon monoxide == carboxyhaemoglobin

Carbon monoxide bonds much more strongly to the haemoglobin molecule than does
oxygen. The equilibrium constant for this reaction Is nearly 20 000 times greater than
for the reaction between oxygen and haemoglobin. Even small concentrations of carbon
monoxide cause the posttion of equilibrium to go well to the right.

This has a critical effect on the equilibrium between haemoglobin and oxygen:

haemoglobm + OXy i1 oxyhaemoglioin
i obin + oxygen == oxyl fobi

When carbon monoxide Is avallable, the formation of carboxyhaemoglobin reduces the
concentration of haemoglobin. This In turn causes the back reaction of oxyhaemogiobin.
In extreme cases almost no oxyhaemoglobin Is left in the blood and ‘carbon monoxide
poisoning' occurs. Symptomsof carbon monexide polsoning Include drowsiness, diziness,
headaches, shortness of breath and loss of Intellectual skills. Loss of consclousness and
death can result from carbon monoxide concentrations as low as 200 ppm.

In competing equilibria, the equilibrium with the higher K has a
significant effect on the equilibrium of the other.




Teactants === prodcts
—
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4 2 raactant particies === 1 procuct particls

8.0 1 reactant particls <== 2 product paricies
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11 Consier he followhg aquibria,

9 Uss Le Cnatefiers pinciple 1 predict e eflect of ading mofe I ) + CO,i0) == H,0(g + COk:
IgeN gas 1o the folkowing equilibria: Al= 442 I mot
a Hin) + L T N0, () = 3NOfg AH = +58 k) mot
b 20, ) == Nyig) + 3, Bl Hfgi + Ff) = 2HFigh AW = -536 i mor!
€ Hyio) + COyg) — HLO{ + COvg) How would you aiter.
a the temperature of each equisbiium mixure n oroer ko
10 Preqict the effict of the following changes on the position of
each pquilbrum produce & net forward reaction?
a addition of 50, ko Me equilibdum: b the volume of each mbdure In order b produce a net
forward reaction?

280, [g) + O,[g) 5== 250,{g)
b removal of CH,CO0™ from the equilbrium

CH,COOH(aq) + HO() \_x_
H,O%(aq) + CH COO-{2)

¢ halving the volime fdoubiling the pressure) of the

12 AN auilbAum mixure oNSists of e gases W0, and MO,
N0 () == INO,{z)
The volume of the container was increased at constant
temperalure and 3 new equilbrium was established. Predct

Itum:
o o each of the Tolkowing quaniies would change &l the new
N, (i) + 3, (1) == 2NH,(x) equilbirium compared wih the Initial quilbrum:
o Incresasing the pressure on the equibium: a concentration of NO,
() + L(g) == ZHI{g) b mass of NO,

@ Incregsing the famp of the
N, () + O, (%) = ZNO ()

22 Consider the reaction:
A+3B=—22C+D

Analysis of an equilibrium mixture In a 2.0 L container shows

that 2.0-mol of A, 0.50 mol of B and 3.0 mol of D are present.

If the equilibrium constant of the reaction Is 0.024 M-,
calculate:

a the concentration of A, B and D at equilibrium

b the concentration of C In the equlliorium mixture

¢ the amount of C, In mol, In the equilibrium mixiure

Changing the equilibrium position
24 How will the concentration of hydrogen gas In each of the
following equiliorium mixtures change when the mixtures are
heated and kept at constant volume?
a Mg+ 3H,g) == 2NH,{g); AH = 91 klmol
b CH,g) + H,0(8) == COig) + 3H,(0):
AH = +208 kJ mol-*
25 The following equations represent reactions that are Important
In Industrial processes. Predict the effect on the equilibrium
posttion If each reaction mixture was compressed at constant
temperature.
a CH,000) = CHO(g + H)
b C0(Q) + 2H,{g) == CH,0Hg)
© N0 + 0,0 === 2Nofg)

27 Carbon monoxide Is used as a fuel In many industries.
It reacts according to the equation:

2C0(g) + O,(g) == 2CO,(g)

In & study of this exathermic reaction, an equilibium system Is
estanlished In a closed vessel of constant volume at 1000°C.
a Predict what will happen to the equilibrium position as a
resuit of the following changes:

| decrease In temperature

i addition of a catalyst
Il addition of more oxygen
What will happen to the equilibrium constant as a result of
each of the changes above?
If carbon monoxide can be used as a fuel, comment on the
magnitude of the equilibrium constant for the reaction.

(=3
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28 Seakd bolles of flzzy drinks, Sk as kmonade ad sperkding
winas, contain caron diode gas In equiibrium wis dissoboed
carbon de:

C0, () == CO,fsq)

Tha Torward reaction 1S exptharmic.
& Use Lo Chatalier's principle o explain why bubbles appear
when e boles e opened.

b Why ars tha y cooled before they

20 A siap curing prc acks production ks fha ciddabon of nifrogen
Codd 1 nitrogan disdde.

2NOfR) + O, () == 2NO, (3);
AM = —114 kI mol-'

Harogen s and nitrog
skt ks
prepared in a1 L container at 350°C. Copy the table bolow,
00 fo gach of the folowing changes it I e reachan
mixFe WouKd Decoms darker of RgNter, Gvng a faason for

your choice.
Wghr / carker

A The femperature ks increased o 450°C at constant volume.
D T vobume of the contaner |5 increased af constant

30 Ethene gas Is produced from ethane gas In an endothermic
reaction represented by the equation:

CH(®) == GH,(g) + Hyle);
AH = +138 kI mol*
a Copy the table below and place a tick In the appropriate
box to Indicate what will happen to the equilibrium
percentage yleld of ethene when each of the following
changes Is macle.

Increased No change In Decreased
ethene yleld ethene yleld ethene yleld

1 The volume Is reduced at constant temperature.

Il More hydrogen gas Is added at constant temperature
and volume.

1ii The temperature Is Increased at constant volume.

Iv A catalyst I3 added.

v Argon gas Is added at constant temperature and
volume.

b How will each of the changes In part a affect the rate at
which the reaction achleves equilibrium?

famparatura.
© Acatalyst constant volume:
d More axygan ks addad & constant volums and
TempeTaiure.
37 Sulfur dicodda s and ooygen s wera mbed & B00°C lo a Wilta an axpression for Bie equilibdum constant, K of the
produce a gaseous equilbeium mbdure: reaction.
s b time nter was il
Z50,(g) + Oy 8) = 250, (g) u-‘:mm? b
A number of Changes wede then mads, Rcleding the addmion © Calculale the value of K at BO0°C.
of & catilysd, resufing In i Rarrmation of new equilbrium d Abwhal ime was thi catalyst 2000d7 Explan your
mibdres. FIgura 16.23 shows how Ma condentrations of e FEasoning.
e gases changed. @ What changa was maae 0 the system at:
| 20 minuges? I 20 minutes?

— 50,

? ston )
ﬂ|l7.

F_ — o=
Figure 1623 = — =

{raph of concentsation werss fme.




