Chapter 11A
Reactions involving Gases
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11.1 INTRODUCTION
• Perfect gas: the absence of interatomic forces between the atoms of ideal gases(∆HM,id = 0)-one
extreme of a range of possible situations.
• The other extreme: the situation where gases with marked chemical affinity for one another are
mixed.
• As with any system @ const. T & P, the equilibrium state = minimum possible value of GM .
• Knowledge of the variation of ∆GM with composition → determination of the equilibrium state
in any system of reactive gases.
• This determination is facilitated by the introduction of the equilibrium constant for the reaction,
and the relation between this constant and the standard Gibbs free energy change, ∆Go , for the
reaction is one of the more important relationships in reaction equilibrium thermodynamics.
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT
• Consider the gas reaction,
A(g) + B(g) = 2C(g)
• To occur at const. T, P (G’ : Gibbs free energy of the system during the reaction)
at any instant

𝐆𝐆′

(11.1)

= 𝐧𝐧𝐀𝐀 𝐆𝐆𝐀𝐀 + 𝐧𝐧𝐁𝐁 𝐆𝐆𝐁𝐁 + 𝐧𝐧𝐂𝐂 𝐆𝐆𝐂𝐂

As this state of min. Gibbs free energy = the equilibrium state of the system at the given T & P.
→ nA, nB, nC will be determined to minimize G’.
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT
If starting with nA = nB =1 mole (2 moles of gas)
As 1 atom of each will produce 2 atoms of C:
→ always nA = nB and nC =2-nA - nB =2(1- nA )

From eq.(11.1)

From eq.(8.15)
and

�i )
∴ 𝐆𝐆′ = 𝐧𝐧𝐀𝐀 𝐆𝐆𝐀𝐀 + 𝐧𝐧𝐀𝐀 𝐆𝐆𝐁𝐁 + 𝟐𝟐(𝟏𝟏 − 𝐧𝐧𝐀𝐀 )𝐆𝐆𝐂𝐂 = f(nA, G
�i = Gi° + RTlnP + RPlnXi
G
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT
Thus,

or

(11.2)

Where ∆G° = 2GC° − GA° − GB° is the standard Gibbs free energy change for the
chemical reaction at T.
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT
if the total P of system = 1atm, RT lnP=0
Eq.(11.2) simplifies to
(11.3)

• The left-hand side of Eq. (11.3): the difference between G’ of the 2 mole system
(nA=nA) and G’ when it consists of 2 moles of C, is determined by two factors:
1.
2.

the 1st term : ∆G due to the chemical reaction, i.e., due to the disappearance of the
reactants and the appearance of the products,.
The 2nd term : the decrease in ∆GM caused by mixing of the gases, when P=1 atm.
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT
for the reaction at 500K and 1atm pressure.

the ordinate ∆G′ : the difference between ∆Go of
the system containing nA moles of A and ∆Go of
the system comprising 1 mole of A and 1 mole
of B before mixing of A and B occurs.
The pt. L (nA =1, nB =1 before mixing): at ∆G′ =0,
and the pt. Q (nC =2) is located at ∆G′ =-5000 J.

The pt. M: the decrease in G due to mixing of 1
mole of A and 1 mole of B before any chemical
reaction, i.e., from Eq. (8.20),
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT
from Eq. (8.20),

But nA= nB, and
in which case

Thus

(1/2)

or
and hence
and so
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT

Curve I : the sum of line II (the first term of Eq. (11.3)
↔Decrease in G due to chemical reaction
Curve III : (the second term on the right-hand side of Eq.
(11.3)—the decrease in G due to gas mixing).
• the composition S: the decrease in ∆G is a maximum.
• If chemical reaction continued beyond S, then, as the
decrease in line II is smaller than the increase in
curve III, the total Gibbs free energy of the system
would increase.
• The composition S : thus, the equilibrium state.
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT
• The position of the minimum in curve I is fixed by the criterion that, at the minimum

and, as
then

i.e., the criterion for reaction equilibrium is
(11.4)

Eq. (11.4) can be written as

(11.5)
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT

(11.6)

From the Gibbs-Duhem equation, Eq. (9.19),
The quotient of the equilibrium partial pressure of the reactants and products: the logarithmic
term in Eq. (11.6) is termed the equilibrium constant for the reaction, Kp, i.e.,
(11.7)

and hence
(11.8)
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT
As ∆G° = f(T), thus Kp = f(T). For the example used in Fig. 11.1,
Therefore
Now

and hence

i.e., reaction equilibrium occurs with nA=nB=0.523 and nC=0.954.
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11.2 REACTION EQUILIBRIUM IN A GAS MIXTURE AND THE EQUILIBRIUM
CONSTANT
• If ∆G° =0, no chemical reaction contribution to ∆G′ , and ∆G′ with nA varies according to curve III
the criterion for reaction equilibrium would be maximization of the randomness of the system,
at the composition R.
From Eq. (11.8), if ∆G° =0, then Kp=1, and thus
• It is important to note that the minimum in curve I in Fig. 11.1, in representing the equilibrium
state of the system at P=1 atm and 500 K, is the only point on curve I which has any
significance within the scope of classical thermodynamics. The point S is the only state on the
curve I which lies on the equilibrium surface in P-T-composition space for the fixed values of
P=1 atm and T=500 K. Any change in P and/or T moves the equilibrium composition over the
equilibrium surface in P-T-composition space.
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11.3 THE EFFECT OF TEMPERATURE ON THE EQUILIBRIUM CONSTANT
• The position of the minimum in curve I :
determined by the difference between the
lengths of LM and NQ.
• The effect of T on the comp. for the minimum
in curve I (and hence on the value of Kp)
depends on the relative effects of T on the
lengths of LM and NQ.
• For given reactants, the length of LM increases
linearly with T, and the variation of the length
NQ with T is determined by the sign and
magnitude of ∆So for the reaction according to
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11.3 THE EFFECT OF TEMPERATURE ON THE EQUILIBRIUM CONSTANT
• The variation of Kp with T is from the Gibbs-Helmholtz equation, Eq. (5.37a),
As ∆𝐺𝐺 ° = −𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐾𝐾𝑝𝑝 , then
(11.10)

(11.9)

→van’t Hoff equation

• the effect of T on Kp : determined by the sign and magnitude of ∆H ° for the reaction.
• If ∆H ° >0, i.e., endothermic, then Kp increases with increasing T,
If ∆H ° <0, i.e., exothermic, then Kp decreases with increasing T.
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11.3 THE EFFECT OF TEMPERATURE ON THE EQUILIBRIUM CONSTANT
• For
• ∆H ° >0, i.e., endothermic,

Cl2=2Cl

2
𝐾𝐾𝑝𝑝 = 𝑝𝑝𝐶𝐶𝐶𝐶
�𝑝𝑝𝐶𝐶𝐶𝐶2 , increases with more heat (high T)

i.e., the equilibrium shifts in that direction which involves the absorption of heat.

• For

2Cl=Cl2
2
• ∆H ° <0, 𝐾𝐾𝑝𝑝 = 𝑝𝑝𝐶𝐶𝐶𝐶
�𝑝𝑝𝐶𝐶𝐶𝐶2 decreases with increasing T,

i.e., the equilibrium shifts in that direction which involves the absorption of heat.
In both cases an increase in T increases 𝑝𝑝𝐶𝐶𝐶𝐶 and decreases 𝑝𝑝𝐶𝐶𝐶𝐶2 .

• For ∆H ° ≠ f(T), then ln 𝐾𝐾𝑝𝑝 varies linearly with 1/T.
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11.4 THE EFFECT OF PRESSURE ON THE EQUILIBRIUM CONSTANT
• Kp ≠ f(Ptotal), as defined by Eq. (11.7)

Since ∆G° = 2GC° − GA° − GB° = F. E. difference between pure product and pure
reactant at P=1 atm from previous example: A + B = 2C

• When KP is expressed in terms of the mole fractions rather than partial pressure, then KP =f(Ptotal) if
the chemical rxn under consideration involves a change in total # of moles present.
• Example
• If P increased, 2Cl → Cl2 , if P decreased, Cl2 → 2Cl
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11.4 THE EFFECT OF PRESSURE ON THE EQUILIBRIUM CONSTANT

• KX changes according to the variation of P. If increase in P cause decrease in KX → shifts reaction
equil’m. toward Cl2 production.
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11.4 THE EFFECT OF PRESSURE ON THE EQUILIBRIUM CONSTANT
• The magnitude of the effect of a change in pressure on the value of Kx depends on the
magnitude of the change in the number of moles present in the system, occurring as a result of
the chemical reaction.
• For the general reaction

• which shows that Kx is independent of the total pressure only if c+d-a-b=0.
Example: A + B = 2C, no change in the # of moles before and after reaction.
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11.4 THE EFFECT OF PRESSURE ON THE EQUILIBRIUM CONSTANT
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11.5 REACTION EQUILIBRIUM AS A COMPROMISE BETWEEN ENTHALPY
AND ENTROPY
• The Gibbs free energy of a system is defined as

G=H-TS
• Low values of G are obtained with low H and large S.
equilibrium occurs as the result of a compromise between H and S.
Similar discussions ~ concerning chemical reaction equilibria.
• The reaction Cl2=2Cl is with ∆H ° >0 (∆H ° is the thermal energy required to break Avogadro’s
number of Cl–Cl bonds) and has a positive value of ∆S ° > 0 (2 moles of chlorine atoms are
produced from 1 mole of chlorine molecules).
• Thus the system occurring as Cl atoms has a high value of H and a high value of S, and the
system occurring as Cl2 molecules has a low value of H and a low value of S. The minimum
value of G thus occurs somewhere between the two extreme states.

• This compromise between the enthalpy and the entropy is analogous to the compromise
between the contributions of the chemical reaction and the mixing of gases to the decrease in
∆𝐺𝐺′ shown in Fig. 11.1.
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11.5 REACTION EQUILIBRIUM AS A COMPROMISE BETWEEN ENTHALPY
AND ENTROPY
• For the reaction A+B=2C, Eq. (11.3) can be written as

(11.11)

• The term in the first brackets = H contribution to the change in the Gibbs free energy,
and the second term on the right-hand side = S contribution, with 𝑛𝑛𝐴𝐴 ∆𝑆𝑆 ° being the
𝑛𝑛
entropy change caused by the chemical reaction and 2𝑅𝑅[𝑛𝑛𝐴𝐴 𝑙𝑙𝑛𝑛 2𝐴𝐴 + 1 − 𝑛𝑛𝐴𝐴 ln 1 − 𝑛𝑛𝐴𝐴 ]
being the entropy change caused by gas mixing.
• In the previous example ∆𝐺𝐺 ° equaled -5000 joules at 500 K. Let it be that ∆H ° =-2500 joules and
∆S ° =5 J/K, in which case Fig. 11.2 can be drawn from Fig. 11.1.
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11.5 REACTION EQUILIBRIUM AS A COMPROMISE BETWEEN ENTHALPY
AND ENTROPY
the ∆ H' line : the first term on the right-hand side of
Eq. (11.11) and the T∆S ′ line is the second term.

The sum of these two gives G′ − 2GC° .T
The scale on the right-hand edge : ∆G′ where the
reference zero of Gibbs free energy is chosen GA° + GB° =
0 such that G′ = G′ (i.e., the joules).

On this scale the G′ curve in Fig. 11.2 is identical with
curve I in Fig. 11.1.

The minimum in the ∆𝐺𝐺′ : determined as the
compromise between the min. value of H’ at nA =0 and
the max. value of T∆S′ at nA=0.597 (the point M in Fig.
11.2).
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11.5 REACTION EQUILIBRIUM AS A COMPROMISE BETWEEN ENTHALPY
AND ENTROPY
• If the temperature is increased then the T∆S ′ term becomes relatively more important, and,
hence, the equilibrium value of nA increases (the minimum in the ∆G′ curve shifts to the left).
Thus, Kp decreases with increasing temperature in accordance with Eq. (11.9) (∆H ° is negative).

• The effect of temperature on the ∆G′ curve is illustrated in Fig. 11.3, in which curves are drawn
for the reaction A+B=2C at 500, 1000, and 1500 K. It is assumed that ∆Cp for the reaction is zero,
in which case ∆H ° and ∆S ° are independent of temperature. As ∆G° = ∆H ° − T∆S ° , then
• The equilibrium values of nA at 500, 1000, and 1500 K are thus, respectively, 0.523, 0.560, and
0.572.
• Although Kp is constant at constant temperature, note that an infinite set of partial pressures of
reactants and products correspond to the fixed value of Kp If the reaction involves three species,
then arbitrary choice of the partial pressures of two of the species uniquely fixes the
equilibrium partial pressure of the third.
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