


Chemical Eq

* Chemical Equilibrium describes the state in which the rates
of forward and reverse reactions are equal and the
concentrations of the reactants and products remain
unchanged with time.

* Note that a chemical equilibrium reaction involves
different substances as reactants and products.

1. Reaction begins. 2 & 3 Products formed 4. Rate of forward

= No products yet + Collisions reaction EQUAL io
formed. between reactants rate of reverse

- High rate of decrease. reaction.
collisions + Rate of forward = Dynamic
between A & B. reaction equilibrium

- Rate of forward DECREASES established.
reaction HIGH. - Reverse reaction = Concentrations

begins. constant.
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C ical Equilibrium —

Most chemical reactions are, at
least to some extent, reversible.

At the start of a reversible

process, the reaction proceeds Reactants

toward the formation of
products. As soon as some = Equilibrium:
product molecules are formed, 2 No change in
the reverse process—that is, the &

: amounts,
formation of reactant molecules <
from product molecules—begins Products
to take place. -

time

When the concentrations of the
reactants and products no longer
change with time, chemical
equilibrium is reached. Here the
rates of the forward and reverse
reactions are equal.
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= Equilibrium constant

This state of dynamic equilibrium is characterized by an
equilibrium constant.

By considering the following reversible reaction:
aA + bB == cC + dD

The equilibrium constant for the reaction at a particular
temperature is . [C[D]°

[ATF[BY

K is a constant regardless of the equilibrium concentrations of
the reacting species at a given temperature.

The equilibrium constant also change with temperature.
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Equilibrium constant

Finallyy, we note that if the

equilibrium constant
greater than 1 (that is, K

is much
>> 1), the

equilibrium will lie to the right of
the reaction arrows and favor the

products.

Conversely, if the eg
constant is much small
(that is, K << 1), the eg

will lie to the left and
reactants

uilibrium
er than 1

uilibrium
favor the

/

-/V

Products

K=l
Reactants ! —

(a)

Eeactants

— | Prodocts
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Ways of Expressing Equilibrium Cohstants

Depending on the nature of reacting species, the equilibrium
constant can be expressed in terms of molarities (Kc) or partial

pressures (Kp).

The concentrations of pure solids, pure liquids and solvents do
not appear in the equilibrium constant expressions.

The relationship between Kp and Kc as
Ep = E.(0.0821T )"

An = moles of gaseous products - moles of gaseous reactants.

T=temperaturein K° .
Kp = Kcwhen Ay =o asin the followingreaction:

H,(g) + Lig) —=2HI(g)
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~— Homogeneous Equilibrium

It refer to reactions in which all reacting species are in the same
phase. An example of homogeneous gas-phase equilibrium is the

dissociation of N204.
N,O,(g) == 2NO,ig)
The equilibrium constant is
:,q' . 2z P:':-..' -
c = ] Kp = -
[N.0,] Pyrao.

As another example of homogeneous equilibrium, the
dissociation of acetic acid (CH3COOH) in water:

CH.COOH(aqg) + H.O(l) == CH,COO (aq) + H,O (aq)

[CH,COO ][H;O]
[CH,COOH]

E‘L‘=
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~~ Heterogeneous Equilibrium

A reversible reaction involving reactants and products that are in
different phases leads to a heterogeneous equilibrium.

Calcium carbonate is heated in a closed vessel, this equilibrium is

attained: CaCO,(s) = Ca0(s) + CO,(g)

The equilibrium constant is
K. = [CO,] Ep = Pcg, An =1

2NaHCO,=Na,CO, ) +CO, ) +H, Oy

Kc= [HZO] [COZ] kp= PHzo-PCOz an = 2
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Wirite expressions for K, and K if applicable, for the following reversible reactions at
equilibrium:

" (a) HF(ag) + HO() == Hy0"(aqg) + F (ag)

(b) ZNO(g) + Ou(g} = INO.(g)
(c) CH.,COOH{aq) + C.H,OH{aq) — CH,COOC.H,(aqg) + H.O()

[H:O"][F~]
K. =
[HE]
o _ Fao:
© NOT[O,] T PioPs,
[CH,COOC,H,]

-

° ~ [CH.COOH][C.H.OH]




== Example -

Methanol (CH30H) is manufactured industrially by the reaction
CO{g) + 2H:(g) = CH;OH(g)

The equilibrium constant (K.) for the reaction is 10.5 at 220C°.
What is the value of K; at this temperature?

K. = E.(00321°"

=273 + 220 = 495 K An=1-3=-2

K- = (10.50.0821 % 49377
='G:413¢18~"
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[
Consider the following heterogeneous equilibrivm: —_
CaCO — +
- (s) a0(s) + COx(g)

At 800°C, the pressure of CO, iz 0.236 atm. Calculate (a) Kz and (b) K for the reac-
tion at this temperature.

K =P COy
= [0.236

K, = K(D0821T)~"

In thiscase. T = 800 + 273 = 1073 K and An = 1. so we substitute these values
m the equation and obtan

0.236 = K (D.0821 x 1073)
K. =268 x 10"



/TheForm of K and the Equilibrium Equation

When the equation for a reversible reaction is written in the
opposite direction, the equilibrium constant becomes the
reciprocal of the original equilibrium constant.

N,OL(g) —= 2NO,(g) 2NO,(g) —— N.0O,ig)

[NO.J* _ s L N0 1 _
= 463 x 10 K = = = — = 216
[N.O,] [NO.]” K 463 x10"

K. =
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A reaction vessel contains NH3, N2;and H2 at equilibriumrata
~_certain temperature. The equilibrium concentrations are [NH3]
=0.25M, [N2] =01 M, and [H2] =1.91 M.

A) Calculate the equilibrium constant Kc for the synthesis of
ammonia if the reactionis represented as-

N,(g) + 3H,(g) = 2NHj(g)

K . T
<= N ol
L (o1s? . 0 O8I5

(o 'l) (iqi)
B) Calculate the equilibrium constant Kc for the reverse
reaction: INH.(g)=— Ns(g) + 3H,(g)
\
K.=1/K,

_1/0.0815= 12.27
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—Calculating Equilibrium Concentrations from Kc

If we know the equilibrium constant for a particular reaction, we
can calculate the concentrations in the equilibrium mixture
from a knowledge of the initial concentrations.

We summarize our approach to solving equilibrium constant
problems as

1. Express the equilibrium concentrations of all species in terms
of the initial concentrations and a single unknown quantity x,
which represents the change in concentration.

2. Write the equilibrium constant expression in terms of the
equilibrium concentrations. Knowing the value of the
equilibrium constant, solve for x.

3. Having solved for x, calculate the equilibrium concentrations
of all species.



A mixture of 0,500 mol Ha and 0.5300 mol I was placed in a 1.00-L stainless-steel fask
at 430°C. The equilibrium constant & for the reaction Ha(g) + I-{g) == 2HI{g} 1z 54 .3
at this temperature. Calculate the concentrations of Ha, I, and HI at equilibrium.

/

Step I

Srtep 2

Shtep 3

The stodichiometry of the reaction i= 1 mol H, reacting with 1 ol I, to yvield 2
mol HI. L et x be the depletion in concentration (mol/T )} of H. and I, at equilib-
rium. It follows that the equilibrivm concentration of HI muost be 20 We summa-
rire the changes in concentrations as follows:

H. == 1. e JHIT
Initial (Ad): 0500 0500 OOy
Change (Af): —x —x + 2
Equilibtrmium (ML) (0500 — a) (0500 — x) 2x

The equilibrinm constant is civen by

P

Substinatines, we oet

—>

2y

(0,500 — x)}0.500 — x)

5343 =

Toking the squore root of both =ides, we zget

2

T e ————
o500 — x

= 0392 aAf
At eguiliboiirm, the concentrations ore

[El.] = (0500 — 0.393) AL = 0.107 M
[1.] = (0.500 — 0.393)} AL = 0.107 AL
[EO] = 2 x 0393 Af — O.786 AF
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The equilibrinm constant K for the reaction
H-(g) + COs(g) = H->0(g) + CO(g)

is 4.2 at 1650°C. Initially 0.80 mol H, and 0.30 mol
CO, are injected into a 3.0-L flask. Calculate the
concentration of each species at equilibrinm.

-~ . 8 = .
find 2 [l s @ 5
Yooa @ e +CO

=

I 616nA o-l6H : S
A tX

A —X <

E o.[6 -X o8- ¥ %

b, o HEIEIEEIEEEE
< (gLl &P

NP (AL LB

\‘ KC = .é_. = ‘iq-z = Z\DS
0 &%
= 2.55(0l6-%) D= . : 0.10?6

Wy gk (0 1= 0. ‘/‘9'/075
L H,1= [CO] w_?o%é_n
php) = [CoJ> el
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~ Factors That Affect Chemical Equilibrium
Change in concentration, pressure, or volume may alter the
equilibrium position, but it does not change the value of the

equilibrium constant. Only a change in temperature can

alter the equilibrium constant.

The rule, known as Le Chatelier’s principle, states that if
an external stress is applied to a system at equilibrium, the

system adjusts in such a way that the stress is partially offset

as it tries to reestablish equilibrium.
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Changes in Concentrations

At equilibrium all reactants and products are present in
the reacting system. Increasing the concentrations of the
products shifts the equilibrium to the left, and decreasing the
concentration of the products shifts the equilibrium to the right.

For reactants, the opposite is true.
Changes in Pressure and Volume
Changes in pressure affect the concentrations of gases.

The greater the pressure, the smaller the volume, and vice versa.
The increase in pressure increases concentration of gases, but the
increase will be larger at the site of the reaction with more
number of moles, so the reaction will proceed to the opposite site
to decrease the effect of the stress.

For pressure decrease, the opposite is true
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Consider the following equilibrium systemns:
(a) 2ZFbS(s) + 30.(g) == ZFbO{s)} + 250.(g)

" (b) PCly(g) = BCly(g) + Cha(s)

(c) Hi(g) + CO(g) == H,O(g) + CO(g)
Predict the direction of the net reaction in each case as a result of increasine the pres-
sure (decreasing the volume) on the system at constant termperature.

{

to the right

to the left
no effect
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‘Changes in Temperature
If forward reaction is endothermic (absorbs heat, 2#° > 0):
heat + N,O,(g) — 2NO.(g) AH® = 58.0 kJ/mol
A rise in temperature favors the endothermic direction
(from left to right of the equilibrium equation).

A temperature decrease favors the reverse direction (from
right to left of the equilibrium equation).

For the exothermic reaction, the opposite is true.
The Effect of a Catalyst

A catalyst enhances the rate of a reaction but does not alter

the equilibrium constant, nor does it shift the position of an
equilibrium system.
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Consider the following equilibriumprocess:

s

=

N.F.lg) == 2NF.(z) AH® = 38.5 klmol

Predict the changes in the equilibrium if
(a) The reacting mixture is heated at constant volume;

The system will go from left to right and the equilibrium constant
will increase from left to right

(b) Some N2F4 gas is removed from the reacting mixture
at constant temperature and volume;

The system will go from right to left

(c) The pressure on the reacting mixture is decreased at
constant temperature;

The system will go from left to right
(d) A catalystisadded to the reacting mixture.

A catalyst will not affect either the concentrations or the
equilibrium constant. o



Consider thermal ition of calcium onate

: equilibrium in a closed container:

Consider this reaction at equilibrium in a closed con-
tainer:

CaCO;(s) == CaO(s) + COx(g)

What would happen if (a) the volume is increased.
(b) some CaO is added to the mixture. (¢) some
CaCOj; is removed. (d) some CO, is added to the
mixture, (e) a few drops of an NaOH solutinn are
added to the mixture, (f) the temperature increased?

Kc=[CO2]

(a) Shift to the right. (b) No effect. (c¢) No effect. (d) Shift to the left. (e) Shift to
the right. (f) Shift to the right.



