Lecture three

- General Concepts Of Chemical Equilibrium

Even though in a chemical reaction the reactants may almost quantitatively
react to form the products, reactions never go in only one direction. In fact,

reactions reach an equilibrium in which the rates of reactions in both

directions are equal. In this lecture we review the equilibrium concept and the
equilibrium constant and describe general approaches for calculations using
equilibrium constants. We discuss the activity of ionic species along with the

calculation of activity coefficients.

3.1Chemical Reactions: The Rate Concept

In 1863 Guldberg and Waage described what we now call the law of mass
action, which states that the rate of a chemical reaction is proportional to the
“active masses” of the reacting substances present at any time. The active
masses may be concentrations or pressures. Guldberg and Waage derived an
equilibrium constant by defining equilibrium as the condition when the rates
of the forward and reverse reactions are equal. Consider the chemical reaction
aA+bB & cC+dD 1)
According to Guldberg and Waage, the rate of the forward reaction is equal to
a constant times the concentration of each species raised to the power of the
number of molecules participating in the reaction that is:

Rate ¢4 = Kewa[Al]a[B]b (2)
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where rate fwd is the rate of the forward reaction and kg4 1s the rate constant,
which is dependent on such factors as the temperature and the presence of
catalysts. [A] and [B] represent the molar concentrations of A and B.

Similarly, for the reverse reaction, Guldberg and Waage wrote

Rate,, = krevlclc[D]d 3)
and for a system at equilibrium, the forward and reverse rates are equal:
KiwalA] *[B]” = ke [CI‘[D]° @)

Rearranging these equations gives the molar equilibrium constant (which

holds for dilute solutions) for the reaction, K:

kfwa _ [C]°[D]*
krev  [A]%[B]b (5)

_ kgwa _ [C]°[D]?
K= e AP (6)

Chemical Equilibrium : State of a reaction mixture at which the forward

reaction rate is equal to the reverse reaction rate.

There are two kinds of reactions:

1) Reversible reaction, A +B CcC+D

NH4" + OH"

NH3 + H20
2) Irreversible reaction, A+B — C +D

HCI + NaOH — NacCl + H20

Note : In generally, most of chemical reactions are
consider as reversible reactions.

3
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There are two kinds of system :

a) Homogenous reactions : chemical reactions in which the reactants
and products have the same phase ( solid , liquid , gas )

Hz(g) +Cl2(g) — 2HCl(g)

2KOH(j) + H2C204) — K2C204) + H20)

b) Heterogeneous reactions : chemical reactions in which the reactants
and products have more than phase .

FeS(,) + HC|(|) — FEC|2(|) "’HZS(Q)

3.2 Types of Equilibria

We can write equilibrium constants for virtually any type of chemical
process. Some common equilibria are listed in Table:1. The equilibria may
represent dissociation (acid/base, solubility), formation of products
(complexes), reactions (redox), a distribution between two phases (water
and nonaqueous solvent—solvent extraction; adsorption from water onto a
surface, etc.).

Types of Equilibria

Equilibrium Reaction Equilibrium Constant
Acid-base dissociation HA +H,0 = H,0" + A~ K, acid dissociation constant
Solubility MA =M™ + A" K, solubility product
Complex formation M +al?~ = ML{""* K, formation constant

Reduction-oxidation ~ Apg+ By, = A, +Brg Ky, reaction equilibrium constant
Phase distribution An,0 = Aoganic K, distribution coefficient
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3.3 factors effecting the reaction at equilibrium
1) nature of reactant substances: depends upon crystal and molecular

structure.
Na is react much faster than Mg with water.
Red phosphorus is react much faster than carbon.

2) Temperature: the speed of chemical reactions will increase with the

increasing of temperature . There are two kinds of thermal reactions:

a) Exothermic reaction, AH(-)

b) Endothermic reaction, AH(+)
# Increasing of temperature favour forward reaction.
# Decreasing of temperature favour backward (reverse) reaction.
3) Concentration: The rate of chemical reaction will increase with the
increasing of concentration.
4) Solution and surface: Increasing the surface of the solution due to an
increasing in rate of reaction.
5) Catalyst: There are two kinds of catalysts:

a) Positive catalyst: increase the rate of reaction.
b) Negative catalyst; decrease the rate of reaction.

6) Pressure: it use when we deals with gas: CO+2H, €>2CH3;0H
Increasing of pressure will shift the reaction direction of less or lower volume
this means, to forward direction. While; Hy(g) + I(g) «> 2HI
Increasing in pressure will not effect on this reaction because the volume of

product equal to volume of reactant.
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3.4 The Equilibrium Constant

For areaction: aA+bB < cC+d

_ [c]°[p)¢

~ [A]P[B]

The equilibrium constant, Kc, is the ratio of the equilibrium concentrations
of products over the equilibrium concentrations of reactants each raised to the
power of their stoichiometric coefficients.

What Does the Value of K Mean?

e If K>>1, the reaction is
product-favored,

product predominates
Reactants | === [ EEE at equilibrium.

equilibrium constant: K

E( >> 1, equilibrium “lies to the right']

e If K<<1, the reaction is
reactant-favored,
R — | Products reactant predominates

T

\ at equilibrium.

[ K << 1, equilibrium “lies to the left" ]

*When 103 < K < 103, the reaction is considered to contain a
significant amount of both reactants and products at equilibrium.

Note : if K> 1 the reaction is forward ( product to right)
If K < 1 the reaction is reverse ( reactant to left)

3.4.1Calculating Equilibrium Concentrations

Use ICE Tables To Solve Equilibrium Problems For Kc Or
Equilibrium Amounts:

1. | = initial concentration: Initial concentration of reactants are
usually given; initial [Product]’s are assumed to be 0 unless otherwise
specified.

2. C = change in concentration: Assign change as the variable x; use
the stoichiometry of the reaction to assign changes for all species.

3. E = equilibrium concentration: E=1+C

6
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Example 1\ In an analysis of the following reaction at 100°C

Bl'z(g) + C'z(g) > ZBl'Cl(g)

the equilibrium concentrations are [Brz]= 2.3x107M,[Cl,] = 1.2 x 107%M,
[BrCl] = 1.4 x 1072 M. Write the equilibrium expression and calculate Kc
for this reaction.

Solution:
_ [BrcL)?
Ke [Br]2[Cl];
-212
K. = [1.4%x1074] =71

T [2.3x1073][1.2x1072]

Example 2\\ The chemicals A and B react as follows to produce C and D:

A+B «C+d,K = {—z% , The equilibrium constant K has a value of

0.30. Assume 0.20 mol of A and 0.50 mol of B are dissolved in 1.00 L, and
the reaction proceeds. Calculate the concentrations of reactants and products

at equilibrium.

Solve :
[A] [B] [C] [D]
Initial 0.20 0.50 0 0
Change (x = mmol/mL reacting) -X -X +x +x
Equilibrium 0.20 —x 0.50 —x X £

We can substitute these values in the equilibrium constant expression and solve
for x.

_ [D1i€]
= A

_ () (x)
03 = (0.2-x)(0.5-x)

x? = (0.10 - 0.70x + x%0.30

0.70x> + 0.21x - 0.030 =0
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—b+ Vb2 —4ac
2a

—0.21 £+ /(0.21)% — 4(0.70)(—0.030)
2(0.70)

_ -0.21 + \/1(2(2)44+0.084 oM

[A] =0.20 — x = 0.09M
[B] = 0.50 — x = 0.39M
[C]=[D]=x=0.11M

X —

Example 3\\ Determine the initial concentration of HI if the initial
concentrations of H, and I, are both 0.10 M and their equilibrium
concentrations are both 0.043 M at 430°C. The value of K¢ = 54.3

Hjg) + Izg) < 2HI(g

Solution:

Hig) + [(@) == [2Hi(g)
Initial 0.10 0.10 y
Change -X -X +2X
Equilibrium 0.043 0.043 y + 2X

First solve for x: 0.10 - x =0.043; x =0.057
Then solve for y: at equilibrium we have
[HI]? (y + 0.114)?
K.=5%3= =
[Ha][Is]  (0.043)(0.043)
(y + 0.114)2 = (54.3)(0.043)? = y = /(54.3)(0.043)2 — 0.114 = 0.203
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Example 4\\ A closed system initially containing 1 x 10° M H, and 2 x 10° M
I, at 448°C is allowed to reach equilibrium. Analysis of the equilibrium mixture
shows that the concentration of Hl is 1.87 x 10~ M. Calculate Kc at 448°C for the

reaction taking place, whichis Hz(g) + Iz(g) > 2H|(g)
solve :

1 ) H; I, 2HI
initial 1*10° 2*10% 0
change

equilibrium 1.87 *10°®
2) H: 2 2HI
initial 1*10° 2*10° 0

change -X -X +2X
equilibrium 1*10° =X 2*10° -X 1.87*10°

0+2X=1.87x10° —X=9.35*10*M =[HI]

3) H, I, 2HI
initial 1*10° 2*10° 0
change -9.35 *10* -9.35 *10* 1.87 *10°

equilibrium  1*10° - 9.35 *10™ 2*103%-9.35*10*  1.87*10°
[Hz] = 1*10°-9.35*10*=6.5*10° M

[HI)? [1.87 * 10°)?
K= > = 51
[H2] [12] [6.5* 10°] [1.065 * 107




