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Chemical Equilibrium in Ideal Gas Mixtures

Question: What is the composition of a reacting mixture of ideal gases?
9
z Z(g’T,p)+3/2H2(g’T,p)=NH3(g’T9p)

What are Py,»Py,»and py, at equilibrium?

Let's look at a more general case
vaA(g, T.p) + veB(g, T, p) = vcC(g, T, p) + v D(g, T, p)
The v/'s are the stoichiometric coefficients.
Let's take a mixture of A, B, C, and D with partial pressures
Pact XaP> Pocr XuPs Pt Xep> and pper Xpp pU
Is this mixture in equilibrium?
We can answer by finding AGOIf we allow the reaction to proceed further.

We know (T,p) for an ideal gas in a mixture
and we know that G= ) n,

1

= AG= [vcuc(g,T,p) + vD/,LD(g,T,p)]— [vAuA (g.T,p)+ vBuB(g,T,p)]

But p(g,T,p)=uYT)+RTMh p, [1 lg’; implied}
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where UXT) is the chemical potential of species "i" at 1 bar and in a pure

(not mixed) state.

PZC pgDEI]

AG = [VC.UCTT +VD‘uD?T] [VA‘u A?T +VBMB?T)]+RTIH{ PiippE

= AG=AG°+RIIhQOO
where  AG= (v + v )|~ v k) + v pui )

pVCpVD
_rrc rcg
and Q_pXApr

AG°® is the change in free energy associated with transforming pure
reactants into pure products.

AGOD AernD_ AH)”())CI’ZD_ TAS;'(')anl

or AG° = AG?

form

(products) AGY

o (reactants)

If AG<0O then the reaction will proceed spontaneously to form
more products

AG>00 then the backward reaction is spontaneous
AG=00 No spontaneous changes =  Equilibrium

Define  Q,+K,; the equilibrium constant

\% 1% 1%
PP av| Xt _
Ko (pXé.PEBu” = V/&.X VBE' p K
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and

—AGJRT

KPD—-e

Note from this that K,(T) is not a function of total pressure p.
Itis Kyp 'K, whichis Ky(p.T).

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

unitless.
Example: Ha(g) + CO2(g) = H20(g) + CO(qg) T=298 K
p =1bar
Ha2(g) CO2(g) H20(9) CO(qg)
Initial # a b 0] 0
of moles
# moles a-x b-x X X
at Eq.
Total # molesat Eq. = (a-x)+(b-x)+2x= a+b
. a3 b—x by X
Mole fraction a@b a+b a+b a+b]
at Eq.
AG? .. (kI /mol) O -394 .4 -228.6  -137.2
28,600 kJ /mol

(8.314 J/K-mol)(298 K)

AGS, =286kl /mol = Kyse =e 119 =9.7x107°
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_ Pu,oPco XHQOXCO _ x?
P X, X, (a— —
Pu,Pco, H,“'CO, (a x)(b x)

Let's take a =1 mol and b = 2 mol
2

We need to solve m =9.7x107°
A) Using approximation method:
K<< 1, soweexpect x<<1also.
x2 X2 -6
Assume l—-x=1 2—-x=2 = ——=>=9.7x10
(1— x)(2— x) 2

x=0.0044 mol (indeed <<1)

X2

—————=K,=9.7x107°
x*=3x+2 7 2710

B) Exactly:

x2(1 —9.7x10—6)+ 3x(9.7x10—6)—2(9.7x10—6) =0

—3(9.7x107) ‘/9(9.7x10-6)2 +4{1-9.7x107)2(9.7x10~)
x= +
2(9.7x107) 2(1-9.7x107)

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 NO2(9g)

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

2
2 232 ( 2x J
x = Pno, _P Xvo, _ \n+x . 4x2
P P, pXN204 (n—xj 12 — x2

n+x

2
K,=p 141050(2 where o = x/n is the fraction reacted

K K) K % ap) "
(1—0{2)—”:052 l4o|=20 goo 4P 1 a=|1+L
4p 4p)  4p (HKPJ [1+4pJ K,
4p K,
p

If pincreases, o 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 foward the
reactants.

Another example:
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2NO(g) + Oag) = 2NO2(9)
K,52.3x10" 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 20 _
)(iSGTEq. 3] m m =3-Xx

o Piog P X, 10X, 1331
-y —2v2a,.v  pid8v T~ pll, 34
! pN%IﬂOZD p XN%I£X02D p lecj)élom p E{l— x) .

K,z>1 soweexpect &l = 3-x=2

1/3
I 2 32 2
K5 — 1-x) =—=—  1=1-
Ty T Tk e

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



