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4.9 Le Chatelier’s Prinziple: How a System
ot Equilibrium Respends to Disturhances

Wwe have scen 'h"; nhibrium tends to progress toward

g i ol ‘ 1¢ the relat { ) t 10ns of it "
equilibrium and - that ’ rattons of the reactants and products at
Cqm],‘m'mm are characterized tbtium constant, K. What happens, however,
when a chemical system already at equilibriun is disturbed? Le Chatelier’s principle
«tates that the chemical system responds to minimize the disturbance

Le Chatelier’s principle: When s chemical system at equilibrium is dis-

) §VS shifts in a direction that N "
turbed, the system shifts ii hirection that minimizes the disturbance.

In other words, a system at equilibrium tends to maintain that equilibrium—it bounces
k when disturbed.

We can understand Le Chatelier’s principle by returning to our two neighboring
countries analogy. Suppose the populations of Country A and Country B are at
equilibrium. This means that the rate of people moving out of Country A and into
Country B 1S egual to,lhe rate of PCO.ple moving into Country A and out of Country B,
and the populations of the two countries are stable.

bac

Country A == Country B

Now imagine disturbing the balance (Figure 14.8 v). Suppose there is a notable
increase in the birthrate in Country B. What happens? After Country B becomes more
crowded, the rate of people leaving Country B increases. The net flow of people is out
of Country B and into Country A. Equilibrium is disturbed by the addition of more
people to Country B, and people leave Country B in response. In effect, the system
responded by shifting in the direction that minimized the disturbance.

On the other hand, what happens if there is a baby boom in Country A instead?
As Country A gets more crowded, the rate of people leaving Country A increases. The
net flow of people is out of Country A and into Country B. The number of people
in Country A initially increases and the system responds; people move out of Country A.
Chemical systems behave similarly: when their equilibrium is disturbed, they react to

Le Chatelier's Principle: An Analogy

Equilibrium is |
disturbed when
the population

Country B

in Country B

Country A
4 grows.

Country A Country B

System responds to
minimize disturbance.

| Pronounced “Le-sha-te-lyay”

| The two-country analogy should help you
see the effects of disturhing a system in
equilibrium—it should not be taken as an
exact parallel.

<« FIGURE 14.8 A Population Analogy
for Le Chatelier's Principle A baby
boom in Country B shifts the
equilibrium to the left. People leave
Country B (because it has become to0
crowded) and migrate to Country A
until equilibrium is reestablished.
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The Effect of a Concentration Change on Equilibrium
Consider the following reaction in chemical equilibrium:
NyO4(g) =2 NO,(g)

Su.pp()se we disturb the equilibrium by adding NO, to the equilibrium iy
(Figure 14.9 v). In other words, we increase the concentration of NO,, the pmd::re
What happens? According to Le Chatelier’s principle, the system shifts in 5 directigt‘
1(? minimize the disturbance. The reaction goes to the left (it proceeds in the l‘eVergz
direction), consuming some of the added NO, and thus bringing its concentra :
down, as shown graphically in Figure 14.10a ».

Add NO,.

N04(g) == 2NO(g)

Reaction shifts lea

The reaction shifts to the left because the value of O changes as follows:
* Before addition of NO,: Q = K.
* Immediately after addition of NO,: Q0 > K.

* Reaction shifts to left to reestablish equilibrium.

tion back

Le Chatelier's Principle: Changing Concentration

N,O4(g) == 2NO,(g)

&8 e
e
eee
N,Oslg) = 2NO@

System shifts left.

" : ses the
A FIGURE 14.9 Le Chatelier's Principle: The Effect of a Concentration phange Sdgmg NO;, cau
reaction to shift left, consuming some of the added NO, and forming more NoOs.

Q

=

Equilibrium
is disturbed. |
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Le Chatelier’s Principle: Graphical Representation

NyO4(g) == 2NO(g) |

e
J T T
K’ﬁ ' — | Equilibrium is
Orlgmaﬂ I ‘ Original || I | reestablished
equilibrium — — " equilibrium || I Q=K
Q=K Di |t [ Equilibrium s . Q=K |l o
isturb || Equilibrium is \ | |
" equilibrium | | | reestablished. - |
§|  [NO : | by adding : . Q=K 2 [NO,] | [
o <
a z £ —]
g : : é Disturb ' '
S | O [N;04] equilibrium :
| by adding |
| |
| |
| |
| |
| |

|
I
I
I
I
|

Time Time
(a) (b)
A FIGURE 14.10 Le Chatelier's Principle:
On the other hand, what happens if we add extra N;Oy (the reactant), increasing its Changing Concentration  The graph
concentration? In this case, the reaction shifts to the right, consuming some of the added ~ shows the concentrations of NO,

N,0, and bringing ifs concentration back down, as shown graphically in Figure 14.10b a. and N, O, for the reaction
N,O4(g) — 2 NO,(g) as a function

of time in three distinct stages of the
reaction: initially at equilibrium (left),
upon disturbance of the equilibrium by
N,Ouly) = 2 NOz(g) addition of more NO, (a) or N,O,

(b) to the reaction mixture (center),

and upon reestablishment of equilib-
[Reaction shifts right. ] rium (right).

The reaction shifts to the right because the value of Q changes as follows:

* Before addition of N,O4: O = K.
" Immediately after addition of N,O4: O < K.
* Reaction shifts to right to reestablish equilibrium.

Inboth of these cases, the system shifts in a direction that minimizes the disturbance.
Shi\;eﬁng the concentration of a reactant (which' rpakes 0 > K) causes the sy.stemt 1:2
oo ! Ibe direction of the reactants to minimize the disturbance. Lowc.arm'g !
o, lion of 4 product (which makes Q < K) causes the system to shift in the

i
ection of products,

Sfumma”‘z"”g the Effect of a Concentration Change on Equilibrium:
“ chemica system is at equilibrium:
i’;c‘reas,',,g the concentration of one or more of the reactants (which makes 0 < K)
¢ the reaction to shift to the right (in the direction of the products).
i’;i’siasing the concentration of one or more of the' products (which makes Q > K)
S the feaction to shift to the left (in the direction of the reactants). .
Caicsta.ving the concentration of one or more of th'e reactants (which makes QO > )
* the reaction to shift to the left (in the direction of the reactarllts). .
caeucsfasing the concentration of one or more of the‘ products (wh(;chtrsl;akes Q
* the reaction to shift to the right (in the direction of the products).




QOov Chapter 14 Chemical Equilibrium

In considering the effect of a change
in volume, we are assuming that the
change in volume is carried out at
constant temperature.

EXAMPLE 14.14 The Effect of a Concentration Change
on Equilibrium
Consider the following reaction at equilibrium:
CaCO4(s5) == CaO(s) + CO,(g)
Whul is‘lhc effect of adding additional CO, to the reaction mixture? What is the
effect of adding additional CaCO;,?

SOLUTION

Adding additional CO, increases the concentration of CO, and causes the reaction tq
shift to the left. Addin g additional CaCO5, however, does not increase the concentratjon
of CaCO4 because CaCOy is a solid and therefore has a constant concentration, Thus,
adding additional CaCO; has no effect on the position of the equilibrium. (Note that,
as we saw in Section 14.5, solids are not included in the equilibrium expression.)

FOR PRACTICE 14.14

- Consider the following reaction in chemical equilibrium:

2BrNO(g) == 2NO(g) + Br,(g)

- What is the effect of adding additional Br, to the reaction mixture? What is the effect
- of adding additional BINO?

The Effect of a Volume (or Pressure) Change on Equilibrium

How does a system in chemical equilibrium respond to a volume change? Recall from
Chapter 5 that changing the volume of a gas (or a gas mixture) results in a change in pressure.
Remember also that pressure and volume are inversely related: a decrease in volume causes
an increase in pressure, and an increase in volume causes a decrease in pressure. So, if the
volume of a reaction mixture at chemical equilibrium is changed, the pressure changes and
the system shifts in a direction to minimize that change. For example, consider the following
reaction at equilibrium in a cylinder equipped with a moveable piston:

Na(g) + 3 Hy(g) == 2 NHj(g)

What happens if we push down on the piston, lowering the volume and raising the
pressure (Figure 14.11 »)? How can the chemical System respond to bring the pressure
back down? Look carefully at the reaction coefficients. If the reaction shifts to the right,
4 mol of gas particles are converted to 2 mol of gas particles. From the ideal gas law
(PV = nRT), we know that decreasing the number of moles of a gas (n) results in a
lower pressure (P). Therefore, the system shifts to the right, decreasing the number of
gas molecules and bringing the pressure back down, minimizing the disturbance.

Consider the same reaction mixture at equilibrium again. What happens if, this time,
we pull up on the piston, increasing the volume (Figure 14.11b)? The higher volume
results in a lower pressure and the system responds to bring the pressure back up. It does
this by shifting to the left, converting every 2 mol of gas particles into 4 mol of gas
particles, increasing the pressure and minimizing the disturbance. o

Consider again the same reaction mixture at equilibrium. What happens if, this tme,
we keep the volume the same but increase the pressure by adding an inert gas to [h‘;
mixture? Although the overall pressure of the mixture increases, the panial‘ pressures ﬂ;)e
the reactants and products do not change. Consequently, there is no effect and
reaction does not shift in either direction.

Summarizing the Effect of Volume Change on Equilibrium:
If a chemical system is at equilibrium: o
P Decreasing the volume causes the reaction to shift in the direction that has the fé
moles of gas particles.
» Increasing the volume causes the reaction to shift in the direction that has the
greater number of moles of gas particles.



Le Chatelier’s Principle: Changing Pressure

[ncrease | e
pressure J pressure
P

g

@ o @ C o

eita
- , o
S, ferst e O L
4mol of gas 2 mol of gas 4 mol of gas 2 mol of gas

Reaction shifts right
| (toward side with fewer |
. moles of gas particles).

Reaction shifts left
(toward side with more
moles of gas particles).

(a) (b)

» Ifareaction has an equal number of moles of gas on both sides of the chemical
equation, then a change in volume produces no effect on the equilibrium.

> Adding an inert gas to the mixture at a fixed volume has no effect on the equilibrium.

EXAMPLE 14.15 The Effect of a Volume Change on Equilibrium

Consider the following reaction at chemical equilibrium:

What 2 KClOy(s) == 2KCl(s) + 3 0:(8) , .

\’Olumlz the effect qf decr'easing the vplume .of the reaction mixture? Inc;ea51ng the
of the reaction mixture? Adding an inert gas at constant volume”

SOLuTioN

© chemicy) equation has 3 mol of gas on the right and zero moles of gas on the I'eft.
loe:}f;s ng the volume of the reaction mixture increases the pressure and causes the realcnon
0 0 the left (toward the side with fewer moles of gas palncles): Increasglg the vo urr}l;
(lowe YEacu(?n mixture decreases the pressure and cagses thé reaction to shift to the rig
dthe side with more moles of gas particles.) Adding an inert gas has no effect.

;
OR PRACTICE 14,15

Ongj e s
der the following reaction at chemical equilibrium:

ol 18 the effect of decreasing the volume of the reaction mixture? Increasing the
S OF the reaction mixture?

<« FIGURE 14.11 Le Chatelier's Principle:
The Effect of a Pressure Change

(a) Decreasing the volume increases
the pressure, causing the reaction to
shift to the right (fewer moles of gas.
lower pressure). (b) Increasing the
volume reduces the pressure. causing
the reaction to shift to the left (more
moles of gas, higher pressure).




004 Chapter 14

The Effect of a Temperature Change on Equilibrium
In considering the effect of s in According to Le Chatelier's principle. if the temperature of a system
temperature, we are ass! that the heat changed. the system will shift in a direction to counter that chanee
is added (or removed) at constant pressure i1s increased. the reaction will shift in the direction that te

at equilibrium i
ange. So. if the temperature
' . nds to decrease the temperature anq
vice versa. Recall from Chapter 6 that an exothermic reaction (negative AH) emits heat:
Exothermic reaction: A + B == C + D + heat

We can think of heat as a product in an exothermic reaction. In an endothermic reaction
(positive AH), the reaction absorbs heat.

Endothermic reaction: A + B + heat == C + D

We can think of heat as a reactant in an endothermic reaction.

At constant pressure, raising the temperature of an exorhermic reaction—think of
this as adding heat—is similar to adding more product, causing the reaction to shift left.
For example, the reaction of nitrogen with hydrogen to form ammonia is exothermic:

Add heat

N?_(g) + 3 Hz(g) — 2NH3(g) + heat

Reaction shifts left.
Smaller K

Raising the temperature of an equilibrium mixture of these three gases causes the
reaction to shift left, absorbing some of the added heat and forming less products and
more reactants. Note that, unlike adding additional NHj; to the reaction mixture (which
does not change the value of the equilibrium constant), changing the temperature does
change the value of the equilibrium constant. The new equilibrium mixture will have
more reactants and fewer products and therefore a smaller value of K.

Conversely, lowering the temperature causes the reaction to shift right, releasing
heat and producing more products because the value of K has increased:

Remove heat

Nz(g) +3 Hz(g) S 2NH3(g) + heat

2 5

Reaction shifts right. \
Larger K '

In contrast, for an endothermic reaction, raising the temperature (adding heat) causes the
reaction to shift right to absorb the added heat. For example, the following reaction
is endothermic:

Add heat

N,O4(g) + heat == 2NOs(g)

colorless brown
" N

v

Reaction shifts right.
Larger K
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ned

Lower temperature:
N,0, favored

;:L&_,.,,,,gﬁ:
A FIGURE 14.12 Le Chatelier's Principle: The Effect of a Temperature Change

v ! Because the reaction is
endothermic, raising the temperature causes a shift to the right, toward the formation of brown NO,.

Raising the temperature of an equilibrium mixture of these two gases causes the
reaction to shift right, absorbing some of the added heat and producing more products
pecause the value of K has increased. Since N,Oy is colorless and NO, is brown, the
effects of changing the temperature of this reaction are easily seen (Figure 14.12 ).
On the other hand, lowering the temperature (removing heat) of a reaction mixture of
these two gases causes the reaction to shift left, releasing heat, forming less products,
and lowering the value of K:

Remove heat

N204(g) + heat == 2 NOZ(g)

colorless brown
A §

D

Reaction shifts left.

Smaller K

Summarizing the Effect of a Temperature Change on Equilibrium:

In an exothermic chemical reaction, heat is a product. '
Increasing the temperature causes an exothermic reaction to shift left (in the
direction of the reactants); the value of the equilibrium constant decreases.
Decreasing the temperature causes an exothermic reaction to shift right (in the
direction of the products); the value of the equilibrium constant INCreases-.

Inan endothermic chemical reaction, heat is @ reactant.

Higher temperature:

NO, favored

; - ift ri in the
g h?cr easing the temperature causes an endothermic reaction to shift right (i N
direction of the products); the equilibrium constant increases. ) :?th?o:ea:em:::g n‘: :t e
. - i i ift left (in the rection. :
D.eCreasl'ng the temperature causes an endothermic reaction 0 R e ) exothermic direction.

Irection of the reactants); the equilibrium constant decreases.

4___—-_




