CHEMISTRY 1102 NOTES
ZUMDAHL CHAPTER 13 - CHEMICAL EQUILIBRIUM

Examples are:

NOx(g) + NQ(g) = NO4(9)
(Figure 13.)
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FIGURE 13.1
A molecular representation of the reaction INO,(g) — N,0,(g) over time in a closed vessel. Note that the numbers of NO, and N, 0, in the
container become constant (c and d} after sufficient time has passed.

[Co(H:0)]*"(aq) + 4Clag) = [CoCl]*(ag) + 6HO
An example of a reaction which goes essentiallyoimpletion is:
2Hx(g) + Q@) = 2H0(g)
An example of a reaction which does not go atsall i
2Ca0(s) = 2Ca(s) + ¢ig)

1. The Equilibrium Condition

Example system ("water gas shift reaction"):

HO(g) + CO(g) = H(g) + CQg)

The reactants are consumed until the forward avelse reactions occure at the same rate.
(Figure 13.2 Note that the concentration of the reactants ngees to zero.
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FIGURE 13.2

The changes in concentrations with time
for the reaction H,0(g) + CO(g) —
H,(g) + CO,{g} when equimolar quantities
of H,0(g) and CO(g} are mixed. Time




We need a way to answer questions about what happdéor example, we add more.®.
Obviously, doing so will speed up the forward reactbecause there will be more collisions
of reactants, but this will also increase the nunadbg@roduct molecules eventually so that
the reverse reaction will also speed up. Whatest result?

Figure 13.3llustrates the molecular process taking place.
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FIGURE 13.3
(a) H,0 and CO are mixed in equal numbers and begin to react {b) to form CO, and H,. After time has passed, equilibrium is reached (c) and
the numbers of reactant and product molecules then remain constant over time (d).

Factors affecting the equilibrium position include:

The initial concentrations.

The heat of reaction.

The relative order among reactants and productsof@nchange).
The temperature at which the reaction is occuring.
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2. The Characteristics of Chemical Equilibrium

Example (Haber process) :
N2(g) + 3H(@) = 2NH(9)
There are always two possible reasons why a resistitstopped™:

0 The system is at equilibrium.
0 The reaction is too slow to detect concentraticenges.

It is the second reason which applies to the amadloydirogen reaction at normal pressures
and at room temperaturéigure 13.5shows the reaction progress at higher temperanae
pressure. Note how the stoichiometry is illustrdigdhe curves.
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FIGURE 13.5
A concentration profile for the reaction
N, (g + 3H,(g) = INH,(g when only

N,(g and H,(g) are mixed initially.

3. The Equilibrium Constant (Law of Mass Action)

For a reaction:
jJA.+ kB = IC + mD
Theequilibrium expression is:
K = [CI[D]"/ [A'B]"
where K is theequilibrium constant.
For example, for the reaction
4NH3(g) + 7Q(g) = 4NQ(g) + 6HO(9)
K = [NOJH,0]°/ [NHg'[O;]’
Exercise(13.2):
The following equilibrium concentrations were ol for the Haber process at 27

[NH3] = 3.1x10° mol/L
[N,] = 8.5x10" mol/L
[H,] = 3.1x10° mol/L

Calculate the value of K at 12C.

Calculate the value of K for the reverse reaction.

Calculate the value of K for the reaction rewritterproduce one mole of NH
K = [NH3)?/[NJ][H2]® = (8.1x10° mol/L)%/(8.5x10" mol/L)(3.1x10° mol/L)?

oo



= 3.8x10 L2 mol?

e. K' =
f. K' =
Note that:

IN2J[H2J¥[NH3]? = 1/k = 1/(3.8x10L? mol?) = 2.6x10° moF L
[INH3J/[NJY4H,*? = K2 = 3.2x1d L2 mol%)*? = 1.9x16 L mol™

o  The equilibrium constant for the reverse reactgalways the reciprocal.
o  The equilibrium constant for the reaction multigliey n is always kw = (Korig)"

The law of mass action works for mixtures of gagesept sometimes at very high
pressures) and for solutions (except sometimeghtdoncentrations).

TABLE 13.1 Results of Three Experiments for the Reaction N;(g) + 3H,(g) —

INH;(g)
Initial Equilibrium g — INH
Experiment Concentrations Concentrations [Nl [H,]?
I [Na], = 1.000 M IN,] = 0.921 M
[Hao = 1.000 M Ha) = 0.763 M K =602 % 10
[NH,}, = 0 INH,] = 0.157 M
I [Ny =0 IN] = 0399 M
[Ha], =0 [Hy| = 1197 M K =602 x 10-2
[NH,], = 1.000 M INH,] = 0.203 M
il [Na]y = 200 M IN.] =259 M
[Hal, = 1.00 M [Hi =277 M K =602 % 102
[NH,], = 3.00 M INH,] = 1L.82M

Always distinguish between equilibrium positiorhete are an infinite number of
possiblities, and equilibrium constant - which isque for a given temperature.

4. Equilibrium Expressions Involving Pressures and Conentrations

For gases, we can write equilibrium expressiortenims of pressures. Remember that:

PV = nRT or

= (WV)RT = CRT

Since C = n/V ie moles over volume it is the maancentration:
Ke = [NHJ7[NAH2® = Guia/Cro.Ci®
Ke = Riug-(RTY/Pu.(RT).R.(RTP = Ky(RT)Y



Generally though:
K=K (RT)™"

whereAn = the sum of the coefficients of the gaseousyxtsd- the sum of the coefficients
of the gaseous reactants in the chemical equdtmrthe generic equilibrium given at the
beginning:

A + kB = IC + mD

where:

K = [CID]"/ [AT'[B]*

An = (I+m) - (j+k)
Exercise: (13.5)
For the reaction (at 26:
2NO(g) + Cl(g) = 2NOCI(g)

The value of i = 1.9x16 atm’. Calculate the value of K.

An = 2 - (2+1) = -1
SO:

Ko = KRT)' = K/(RT)

K = Ky(RT) = (1.9x16 atm)(0.08206 L atm Kmol™)(298 K) = 4.6x16L mol™

A final note on units: if the sum of the powerstba top and the bottom of the equilibrium
expression are the same, K angvill be unitless and equal. Otherwise, K angafe
unequal. Nevertheless, it is common practice (thalgppy) to list K values without their
units.

5. Heterogeneous Equilibria

Reactions described so far have all reagents a@lupts in the same phase: solution or gas.
These are calledomogenous equilibria. When more than one phase is involved we refer to
heter ogeneous equilibria. Consider the reaction:

CaCQ(s) = CaO(s) + Ce€ig)
K' = [CQ]J[CaQ]/[CaCQ]



But it turns out experimentally that [Cagl@nd [CaO] seem to be constant so:
K' = [COJCJ/C, or K = [CQ

where: K = K@C;

FIGURE 13.6

The position of the equilibrium

CaC0,ls) = Ca0ls) + CO,{(g does not
depend on the amounts of CaCO,(s) and

Ca0(s) present. (a)

— Cal

The same situation occurs if a pure liquid is ineol. The decomposition of liquid water to
H>(g) and Q(g) would be an example if it happened.

2H,0(l) == 2H,(g) + O(g)

where

K=[H]0,] and K, = (Pu})(Po)

K = [H]7[O]

However,if the reaction were carried out under dooras where the water is a gas rather
than a liquid, that is,

2H,0(g)} == 2ZH;(g) + O4g)

then

[H,]'[0,]

_ (Pe)(Po)
[H,0]° - :

K =
P Hq0

and KP

because the concentration or pressure of water vapor can change.



Sample Exercise 13.6

Write the expressions for K and K, for the following processes:

a. Solid phosphorus pentachlonde decomposes to liquid phosphorus trichloride and chlo-
rine gas.

b. Deep blue solid copper(Il) sulfate pentahydrate is heated to drive off water vapor to
form white solid copper(Il) sulfate.

Solution
a. The reaction is
PCL(s) == PCI({) + Cly(g)
The equilibrium expressions are
K = [Cl;] and K,=Pg,

In this case neither the pure solid PCl; nor the pure liquid PCl; is included in the equi-
librium expressions.
h. The reaction is

CuS0, - 5H,0(s) == CuSO,(s) + 5H,0(g)
The equilibrium expressions are
K = [H,0F and K,= (Pyof

The solids are not included.

6. Applications of the Equilibrium Constant

Consider the reaction:
A +B = C+ D
Suppose the equilibrium constant is 16. Then:
(Nc)(Np)/(Na)(Ne) = 16

Suppose we start with 9 of A and 12 of B. Then$akid B's disappear and 5 C's and D's
appear. Then thesaction quotient is:

5)(3)/(4)(7) = 0.9 notequal to 16!

Suppose x of A and B disappear and x of C and 2apMNow we would write the reaction
guotient as:

(x)(x)/(9-x)(12-x)



and the question is what must x be so that theepiot 16. It cannot be 9 or greater or the
guotient would become infinity. By trial and ernwe can see x must equal 8.

Nobody does things this way!

The Extent of a Reaction

Qualitatively we can see that if K is much gredlan 1, a reaction will will favour the
products, and if it is much less than 1 the redstaill be predominant. It is important to
remember though that thiene taken to reach equilibrium is not related to K.

Reaction Quotient

0. If the reaction quotient = K, the reaction is atiégrium.

1. If the reaction quotient < K, the reaction mustdaroe more products.

2. If the reaction quotient > K, the reaction has gtwwefar and reactants must be
regenerated.

Exercise(13.7):

The equilibrium constant for the Haber proces08tG is 6.0x1F L* mol%. For a mixture
containing 1x18 M NHs, 1x10° M N, and 2x10 M H,, which way, if at all, must the
equilibrium shift?

Q = [NH]oY[No[H2o’=1.3x1d L* mol?
Q is very much greater than K so ammonia must beexted back to Hand N.

Calculating Equilibrium Pressures and Concentratiors

The most common calculation actually involves figdequilibrium concentrations from the
constant and a set of starting concentrations. ddmspotentially cause mathematical
problems, but certain types of calculation aredah situations:

Exercise(13.8) Just apply the formula type:
Consider the reaction:
N2O4(g) = 2NOy(9)

At a certain temperature,kc 0.133 atm. At equilibrium the pressure gflis found to be
2.71 atm. What is the pressure of 20

PNOZZ/PN204 = 0.133

Therefore:



Pws = KoPwos = (0.133)(2.71) = 0.360 atm

Pvoz = (0.360 atd)” = 0.600 atm

Exercise(13.9) Some missing concentrations at equilibrium:

In a 1.00 L flask are placed 0.298 mol Kg)J and 8.70x18 mol PCL(g). Equilibrium is
established at a particular temperature and 2.0Drid) Cl, are found. Calculate the
equilibrium concentrations of all the species and Ke reaction is:

PCk(g) = PCkg) + Cko)
The equilibrium quantities will be:
[Cl,] = 2.00x10mol /1L = 2.00x1®M
[PCL] = (0.298 mol + 2.00xIdmol) /1L = 0.300 M
[PCl] = (8.70x10 mol - 2.00x1¢ mol)/1L = 6.70x18M
and:

[CL][PCI;J/[PCls] = (2.00x1C M)(0.300 M)/6.70x1CG M)

K =
= 8.96x10° M

Exercise(13.10) No equilibrium concentrations - caseHe perfect square

The equilibrium constant for the water gas shiftcteon at 700 K is 5.10. Calculate the
equilibrium concentrations if 1.000 mol of each gmment is mixed in a 1 L flask. The
reaction is:

CO(g) + HO(@) = CO(9) + H(9)
First we check to see if the system is at equulitori
Q = [CQ]H2]/[CO]J[H20], = (1.000)(1.000)/(1.000)(1.000) = 1.000

Therefore the reaction must go to the right - x ofdCO and HO are consumed, G@nd
H, are produced:

K = [COJH.J/[CO][H,0] = (1.000 + x)(1.000 + x)/(1.000 - x)(1.008)-
= (1.000 +xJ(1.000 - x = 5.10

(5.1)* = 2.26 = (1.000 + x)/(1.000 - x)



x = 0.387 M
[CO] = [HO] = 1.000-0.387 = 0.613 M
[CO,] = [H] = 1.000+0.387 = 1.387 M
Check: K = [GIH.)/[CO][H,0] = (1.387¥(0.613f = 5.12

Example: No equilibrium concentrations - case Il - the 'mter":

Suppose 6.000 mol ot land 3.000 mol of Hare mixed in a 3.000 L container to make HF
and that the equilibrium constant at the appropti@mperature is 1.15x3,@alculate the
equilibrium concentrations.

The reaction is:
Ha(g) + R(Q) = 2HF(9)
K=[HF]¥[H,][F,] = 1.15x16

Starting concentrations are:

[HF] = O
[H] = 3.000/3.000 = 1.000 M
[F,] = 6.000/3.000 = 2.000M

We really need not calculate Q since clearly tlaetien must go right. Assume A M otLH
and k are consumed and 2A M of HF is produced. Theretugibriun concentrations are:

[HF] = 2AM
[HJ] = 1.000-AM
[FJ] = 2.000-AM

1.15x1G = (2A¥/(1.000 - A)(2.000 - A)
(1.000 - A)(2.000 - A)(1.15xTp = 4K
(1.15x1G)A? - 3.0000(1.15x1HA + 2.000(1.15x18) = 4~

(1.11x106)A%? - (3.45x16)A + 2.30x16 0

This has the quadratic form%x bx + ¢ = 0 with solutions:
X = - b(+or-) (bdaci¥2a

A = 2.14 or 0.968 mol/L
10



The first answer is impossible since a negativeentration for H makes no sense.

The equilibrium concentrations are therefore:

[HF] = 2A = 1.936 M
[Ho] = 1.000-A = 1.000-0.968 = 3.2514
[F,] = 2.000-A = 2.000-0.968 = 1.032 M
Check:

[HF)?/[H2][F2] = (1.936§/(3.2x10%(1.032) = 1.13x10

Treating Systems that have Small Equilibrium Constats

We have already seen the simplification that ocuauiis cases that work out to a perfect
square. Another simplification occurs if the vabfeéhe equilibrium constant is particularly
small (or large):

Example:
Consider the decomposition (at ¥5):
2NOCI(g) = 2NO(g) + d
K = [NOFCL)J[NOCI]? = 1.6x10 mol/L
One mole of NOClI is placed in a 2 L flask. What @@ equilibrium concentrations?
At equilibrium, let the concentrations be:

[NOCI] = 05 - 2A

[NO] = 2A
[Cl,] = A
Then:

1.6x10° = (2AF(A)/(0.5 - 2A¥
This would simplify(!) to:

4A° -1.6x10°A%2 + 3.2x1CA - 0.4x10 = 0

11



which can be solved but not very easily. It is metessary to struggle with such an equation
if it is recognized that 2A will be very small coaned to 0.5, therefore:

05 - 2A ~ 05
and:

1.6x10°

(2A¥(A)/(0.5Y

SO:

0.4x10° = 4K or A = 1.0x16 or A = 1.0xIOmollL

In this case:

(0.5-2A) = 0.48

in other words we make an error of about 4% asatref the approximation.

7. Solving Equilibrium Problems

General Procedure:

Write the balanced equation for the reaction.

Write the equilibrium expression.

List initial Concentrations.

Calculate Q and determine the necessary shift.

Write down the equilibrium concentations in termi@oe unknown (x).
Substitute into the equilibrium expression and sedbr x.

Check you answer!

NoOARWNE

Le Chatelier's Principle

The principle states that:

If a change isimposed on a system at equilibrium, the position of the equilibriumwill shift in
such as way as to minimize the change.
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The Effect of a Change in Pressure (by changing thelume)

TABLE 13.2 The Percent by Mass of NH; at Equilibrium in a Mixture
of N;, H,, and NH, as a Function of Temperature and Total Pressure’

Total Pressure

Temperature {°C) 300 atm 400 atm 500 atm
400 48%: NH, 55% NH; 61% NH,
500 26% NH; 32% NH, 3B% NH;
600 135 NH; 17% NH, 21% NH;
*Each experiment was begun with a 3:1 mixture of H, and N,

Note that 3 volumes or moles of Bind 1 volume or mole of Neact together to make 2
volumes or moles of N§lthus the reaction is accompanied by a decregsegsure.
Imposing an increase in pressure will drive theildayium towards the ammonia side of the
reaction in order to reduce the pressure.

The effect is strikingly illustrated by the reactio

2NO(g) = NO4(9)

The mixture is contained in a syringe. The colattvally lightens from brown to pale beige
as the volume is reduced (pressure increasesjh8edotos in the text.

Remember that pressure, volume and concentratoocamected through the ideal gas law:
PV = nRT

The Effect of a Change in Pressure (by adding an @t gas)

The equlibrium constant is a functionamhcentrations or partial pressures so adding an
inert gas will have no effect on the equilibriunsgon.

The Effect of a Change in Concentration

Consider again the Haber process, at equilibrium:

[N)] = 0.399 M

[H)] = 1.197 M

[INH;] = 0.202 M

K = [NHg]o¥[Ns]o[H2s® = (0.202¥(0.399)(1.197) = 5.96x1C0

and now dump in another 1.000 mol/L of N
13



[N)] = 1.399 M

[H] = 1.197 M

[INH;] = 0.202 M

Q = [NH]7[N2JJH2s® = (0.202¥(1.399)(1.197) = 1.70x10

Q is less than K so the equilibrium must shifttte tight. The new position is:
[N)] = 1.348 M

[H] = 1.044 M

[INH;] = 0.304 M

Notice that, in accord with Le Ch,telier's Prin@pthe concentration of .Nhas decreased
relative to the amount after the addition. The ¢emncan be explained by considering the
effect on the number of collisons between reagatasiecules and product molecules.

The Effect of a Change in Temperature

Remember the forward and reverse reaction ratésibotease with temperature, but the
reaction originating at the downhill side with respto the energy (~enthalpy) will speed up
more relative to the other. The equilibrium shift®pposition to the heat producing
direction. The simplest way to remember this iprietend that the heat is part of the
balanced equation written it so that the enthadpy positve quantity:

Nx(g) + 3H(g) = 2NH(g) + 92kJ
556kJ + CaCgs) = CaO(s) + Cgo)

Imagine adding heat as a "reagent". Then the aBdbe same as adding any other reagent -
the system will establish a new equilibrium soasemove some of the heat
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