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Chemical Equilibrium

Ideal Gases

Question: What is the composition of a reacting mixture of ideal
gases?

e.g. z Na(g, T, p) + 3/2Ha(g, T, p) = NHs(g, T, p)

What are p,, p,. and p,,, atf equilibrium?

Let's look at a more general case
vaA(g, T,p) + wB(g. T.p) = vC(g, T, p) + wD(g, T p)
The 1i's are the stoichiometric coefficients.

Let's take a mixture of A, B, C, and D with partial pressures
Pa=Xup, Ps =Xup. p- = X.p. and p, = X,p

Is this mixture in equilibrium?

We can answer by finding A6 if we allow the reaction fo proceed
further.

We know (T, p) for an ideal gas in a mixture
and we know that 6=>nu

= AG(&) = e{[Vere (9.T.P) + oty (9T )]~ [Varta (9T, )+ vatts (9.7.P) |
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where ¢ is an arbitrary small number that allows to let the reaction
proceed just a bif.

We know that  4,(9.7,p)= 12 (T)+RTInp, [l'gﬁ implied}

where 4 (T) is the standard chemical potential of species "i" at 1 bar
and in a pure (not mixed) state.

AG(g) = g{[vcﬂ; (T)+vpul (r)] - [wl:, (T) + v ( ] + ern(';{iﬁéz ]}

= A6=A6°+RTINQ (taking e=1)

where AG° = [vc,uc )+ vl ( } I:VA,UA )+ Vol (T)]
and Q= piﬂpi is the reaction quotient
A B

AG° is the standard change in free energy for taking pure reactants
intfo pure products.

AG° =AG,, =AH,,-TAS,

rxn rxn rxn

or AG° = AG!

form

(products)— A& . (reactants)

If A6(s)<0 then the reaction will proceed spontaneously to form
more products

A6(¢)>0 then the backward reaction is spontaneous

A6(e)=0 No spontaneous changes =  Equilibrium
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At Equilibrium A&(£)=0 and this implies AG;, =-RTInQ,

Define  Q, =K,

Ve p¥o Xe X'
£ - pcch =pm[ g cj
P [ p;A p‘;’,e o X/"’A XBVB .

the equilibrium constant

= pMK,
g

and thus

AG;, =-RTInk, ,

rxn

_ ,-AG°JRT
K,=e
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Note from this that «,(T) is not a function of total pressure p.

Itis kK, =p ™K, whichis K, (p,T).

Recall that all p; values are divided by 1 bar, so & and K are

both unitless.

Example: Ha(g) + CO2(g) = H20(g) + CO(g) T=298 K
p=1bar
Ha(g) CO2(g) H20(9) CO(9)
Initial # a b 0 0
of moles
# moles a-x b-x X X
at Eq.

Total # moles at Eq.

a-x b-x

Mole fraction
f a+b a+b

= (a-x)+(b-x)+2x=a+b

X X
a+b a+b
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a&2. (kI/mol) 0 -396.6 -228.6  -137.2

28,600 kJ/mol
Aéo _ 286 kJ/mOI — /(p —e (8.314 J/K-mol)(298 K) _ 6_11‘54 _ 97/\’10_6

rxn

K = PioPeo _ XHZO)(CO _ x°
© PP, XyXeo, (a—x)(b-x)
Let's take a= 1 mol and b6 = 2 mol

XZ

(1-x)(2-x)

and

We need to solve =97x10°

A) Using approximation method:

K<< 1, sowe expect x<<1also.

Assume l-x=~1, 2-x=2 = a ~X—2=97X10‘6
' (1-x)2-x) 2 '

x ~0.0044 mol (indeed <<1)

2

X v _ -6
m = Kp =9.7x10

B) Exactly:

x*(1-9.7x107°) +3x(9.7x10°)-2(9.7x10°) =0

— — 2 — —
_3(97x10¢) (9(9.7x10°) + 4(1-9.7x10%)2(9.7x10°)
2(9.7x10°) 2(1-9.7x10°¢)
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The "-" sign gives a nonphysical result (negative x value)

Take the "+" sign only =  x=0.0044 mol (same)
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Effect of total pressure: example

N204(g) = 2 NOz(9g)

Initial mol# n 0
# at Eq. n-x 2x Total # moles at Eq. =
N-X+2X=n+X
X's at Eq. n—-x 2x
n+x n+x

(2/\/ ?
_ _\n+x 4 x*°

ﬁ_pA&o“ XA1204 p(”—Xj:pﬂz—Xz
n+x

K = P/fxo2 3 PZX/\Z/O2

Kp=p1 a2 where o = x/n is the fraction reacted
2
/(p
K K\ K 4p 1 4p) "
(l—az)—pzaz a2(1+—pj=—p af = P___ a=11+2P
4p 4p) 4p [“KPJ AP K,
4p K,

If pincreases, a decreases

Le Chatelier's Principle, for pressure:

An increase in pressure shifts the equilibrium so as to decrease the
total # of moles, reducing the volume.

In the example above, increasing p shifts the equilibrium toward the
reactants.
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Another example:

2 NO(g) + O2(9g) 2 NOz(9q)

K, = 2.3x10% at 298 K

Initial mol # 2 1 0
# at Eq. 2-2x 1-x 2x  Total # moles at Eq.
=2-2x+1-x+2x
’ 2(1-x) 1-x 2x -3
X's at Eq. 3 x 3 x 3 x 3-x

K - /0/5/02 _ /‘72)(/\2/02 =l )(/\2/02 =1X2(3—X)
g p/f/OIDOZ sz/\z/opon pX/\2/0X02 P (1—/\’)3

K, >>1 soweexpect x~1 = 3-x=x2

13
2 2
K, ~— 1-x) ~—<- —1-| =
p - or (1-x) 2 X (p/(p]

In this case, if pT then xT as expected from Le Chatelier's principle.





