Chemical Equilibrium
Consider the reaction
VaA +VgB = vyX + WY

Let us define a quantity £ - extent of reaction

NA = Nao = Va§ dnp = -va dg
Ng = Ngo — Vg§ dng = -vg d§
Ny = Nyg + Vx§ dny = +vy dg
Ny = Nyg + W§ dny = +vy d§

Say, the reaction happens at constant T, P
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The guantities (g—g) = W; — chemical potential

J (partial molar Gibbs free energies)

At constant T, P
dG = 2 1 a’nj

j=ABXY

= U dng + g dng + Uy dny + uy dny

= —UpVa dE — upvs A& + vy dE + uyy d&
= (—upvs — MpVs + WUVx + UyWy) dE



Thus,

(g_é) = MxVx + UyVy — UaVp — UpVp
) s

It can be shown (when the partial pressures are low and the system behaves
ideally)

u(T,P) = u'(T) + RT in(P/P,)
N

standard state pressure (I bar)

From Dalton's Law of partial pressures

p = (7] p
J (an) total
(g—g) = vy (T) + vyuy(T) = vaua(T) = vpup(T)
T, P
P p
+RT(vxinP—’0<+vyinP—:
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AG"(T) = AGy(T) + RT in @

_ (PutPy) *(PylPy)”

(Pa/Po)” (P5/Po)
AGH(T) — change in free energy for the reaction for unmixed
reactants at temperature T and a pressure of | bar

to form unmixed products at temperature T
and a pressure of | bar.

AGo(T) = vy (T) + vyuy(T) = vauun(T)
- VB,U;(T)

At equilibrium
AG'(T)=0

Q



A&Z(T) = —=RT ’lV) (7) = —RT ’lV) KP
eq

PJf — Pressures relative to | bar

Vx Vy
K, = ( gﬁA ng) — dropped the '
A TBleg  for simplicity

K, — unitless

K, — Dependent on T

K,(T) — equilibrium constant

3H,(g) + N,(g) = 2NH;(g)

SH,@9) + LN, () = NH(p)

Exact form of K (T) depends on the balanced equation
Consider the reaction
PCls(g) = PCls(g) + Cly(g)
Say at equilibrium, the extent of reaction is €
We start with 1 mole of PCl; only. At equilibrium there are
(1-¢) moles of PCls
3 moles of PCl;

3 moles of Cl,

At equilibrium,
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This seems to suggest that K, depends on P. However, § depends on P and
changes along with P to keep K,,(T) constant if T remains constant.

& o % Csmall ) soas P11 &1 and the
i equilibrium is shifted more
to the reactant side

Le Chatelier's Principle
Consider the reaction

3H, + N, = 2NH;
At start: 3 moles of H,, 1 mole of N,, no moles of NH;
At equilibrium:  3(1-¢) of H,, 1 -¢0of N,, 2§ of NH;

Total number of moles: 4 - 2¢

PNZ=J+§§P PH2=§:—§€P
Pun, = 3 5525 P
4 p?
K,(T) = Pim, _ (4 - 28)°

Pi, Pv, 27200 = O°P* (1 - P
(4-28° (4-29

48 (4 — 2&)°

27() - &)p?




K(T)' ,6 62(2—6)2 . /

_ 6)‘% P2
Again since
P'Ux P'Vy
KP (T) = P;‘gA P\gg
P = ¢RT Recall that the
vy pressures are w.r.t. P,
-C%Cg RT Vy + Vy — Yy — Vp
5 = Grep (Br)
B (Cx/Co) ( y/Co)Vy . (CoRT)VX +Vy — Vs — Vg
(ealea)*(ealea)™ 1 Po
f
K.(T)

KU?'K?U{%T7W+W’W—%

also unitless
co— | mol/L

Consider the reaction
NH3(g) = SH,(9) + LN, ()

Ko(T) =1.36 x 107 at 298.15 K

Vn, * VN, = Vnu,
k(D) = K, ()

= 1.36 x ’0—3 / bar -
| mol L™ x 0.08314 L bar K~ mol

x 2938.1S K

K.(T) = > q(7g =5.49 x 10~

Nolw
|~



Consider the reaction
N,0,(g) = 2NO,(g)
6(8) = U - Oay,o, + 2&6y0,
+ (1 = EORT An Py, + 2&RT in Py,

If the reaction is carried out at a constant pressure of 1 bar
I-¢

PN20¢, = xNzOq Ptotal = xNzOq = , +
_ _, .. 2
Pno, = Xno, Protal = Xno, = |+ &

6(8 = (I = OG0, + 2EGyy,

+ () = ERT n (ﬁ:g)
2

| + &
Gn,0, — 97.78 kI/mol  (standard Gibbs energy of formation)
Gro, — $1.25 k3/mol

6(&) = (1 - £097.73) + 2&(5).25)

+ 2ERT in

I-¢ 28
+ (- 802.479) n X3 + 2E(2.979) 1n EX;
(all terms in kJ, with RT = (8.314 x 107 kJ K™* mol™)(298.15 K) = 2.479 kI

mol™)
The equilibrium is @ minimum for G(§), i.e.

d6 (&)
%g=o ¢ = &, = 0.19 mol

4,
K,(T) = e = 0US

eq




Also K, = e AGRT
) 206;(NO,) - Aé,:(NZOQ))]
- eXP['( RT

= x| ( 2(51.25) - 97.78 kI mol” )
8314 x 1073 kI K~ mol™ x 29315 K
=0.S

Recall the Gibbs—Helmholtz equation

(a(Aae;/T) )P _ ATI-2/°

Since AG® = -RT €n K(T), i.e. AG®/T=-R€nKy(T)
e (ain KP(T)) AW
P

orT T2
Heat of
/react/‘on
d‘ll/) KP(T) _ AH®

aT = RT?
This implies AH® > 0 endothermic, K,(T) increases with T; AH® < 0 exothermic,
Ko(T) decreases with T.

Integrating,
K T,) 0
in (T, [ AH (72 dT for a small
K (T,) RT temperature range

AH® is constant

€n K,(T) against 1/T should be a straight line with slope ~AH°/R.



Problem 1

Nitrosyl chloride decomposes as

2NOClI(g) = 2NO(g) + Cl,(g)
We start with ny moles of NOCl and no moles of NO or Cl, at the start. Derive
an expression for K in terms of &, the extent of reaction at equilibrium.

At equilibrium
Moles of NOCI i Np — 28eq
Moles of NO D 28
Moles of Cl, D eq
Total number of moles: ng = 2§, + 28, + Eeq = No + e
p _ Ny — Zfeq p
NOC —V’o + §eq
2§eq
Py =——"""F%—P
Ny + feq
P §eq
c, = T
No eq
2 3
K. = PCIZ PNO _ C’feq

P Phoa (np — 28)°(ny + &)
3
q(éeq)

— No P

2 ), L
( "’0)( o

It can be shown that Eeq/no decreases as P increases, in accordance with

Le Chatelier's Principle.



Problem 2

The value of K, for a gas-phase reaction doubles when T is increased from 300
K to 400 K at constant pressure. What is AH® for the reaction?

—

oy K12 sl 1)

k() R\, T,
YA
’?\MZ) = —OH (qoo X ~ 300 K)
2314 7 K~ mol™
AHo - R 'iV? 2

(2.50 x 1072 = 333 x 1073) k!
(3.314 7 K~ mol™)(0.6931)
233 x 1079 K
= 6.92 x 10> 7 mol™ = 6.92 kI mol™

Problem 3
CO(g) + H,0(g) = CO,(g) + H,(g) K1
CH,(g) + H,0(g) = CO(g) + 3H,(g) Ky
CHy(g) + 2H,0(g) = CO,(g) + 4H,(g) K3

K4, K5, K3 are the equilibrium constants for the three reactions.

Derive an expression relating K5 to K; and K.

Method 1.
AG; = —RT n K,
AG, = —RT 1n K,
AG3 = AG] + AG;
—RT in K3 = =RT in K, = RT 1n K,
= =RT 1n (K, K;)

K3 =K; Ky



Method 2.

KB = = .
Pew, P,f.zo Pen, * Puo  Pco * Puyo

Problem 4

For the reaction 250,(g) + O,(g) = 2505(g) at 298.15 K, the standard Gibbs
energies of formation are AG;°(SO,) = -300.1 kJ mol™ and AG;*(SO;) = -371.1

kJ mol™. Calculate K, and K. at this temperature.

AG® = 206,°(503) — 206,°(50,) — £6,°(0,)
= 2(-371.1) — 2(-300.1) — 0 = —142.0 kI mol™

_ AG") _ 192.0 x 103 7 mol™
K, = ex (—— = ex
p PITRT P ((3.3/4/ 7 K7 mol™)(298.15 k)
= exp(57.29)
= 7.6 x 10%°

ForK, Av=2-(2+1)=-1 (moles of gaseous products minus reactants)

K.(T) = KP(T)(%)M - K,,(T)(%)

= (7.6 x 10°%)(24.79)
= 1.9 x 10%
(coRT/Po = (1 mol L™%)(0.08314 L bar K™* mol™)(298.15 K)/(1 bar) = 24.79)

The reaction lies far towards SO; at 298 K. Because Av <0, K. > K,,.
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Problem 5

At 523 K, K, = 1.78 for PCls(g) = PCl5(g) + Cl,(g). Starting with 1 mole of PCls,
find the extent of reaction at equilibrium when the total pressure is (a) 1 bar

and (b) 10 bar. Comment on the result.

From the lecture notes,

2
K,(T) = ,_?52 P

Solving for ¢,

§Z(K+P)=K 5:( K, )1/2
P P K, + P

(@) P=1bar
178 \" 12
£ = (W) = (0.6490)" = 0.800

(b) P=10bar

1/2
_ [ 178 _ V2 _

Raising the pressure tenfold halves the extent of dissociation: the
equilibrium shifts towards the side with fewer moles of gas, as Le
Chatelier's Principle predicts. K, itself is unchanged, because T is constant.

Here € is not small, so it falls by less than the factor 10%/2 (about 3.2) that ¢

o P72 would predict.
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Problem 6

For N,0,(g) = 2NO,(g), the lecture notes give K, = 0.149 at 298.15 K. The
standard enthalpies of formation are AH;°(NO,) = 33.18 kJ mol™ and
AH:°(N,0,) = 9.16 kJ mol™*. Assuming AH® is independent of temperature,

(a) calculate K at 350 K;

(b) find the temperature at which K, = 1;

(c) find &, at 350 K 'and 1 bar, starting from 1 mole of N,0,.

AH° = 2(33.18) - 9.16 = 57.20 kJ mol ™!

The reaction is endothermic, so K, increases with T.

o KT el )

k() RI(T. T,
(a)
, KBS0K) 5720 x 103 Lomol ()l ]
0749 231 7K mol 350K ~ 2985 K

= —(6830 K)(-4.969 x 107 k') = 3,418
Ko(350 K) = (0.149)e**® = (0.149)(30.5) = 4.55
(b) Setting K,(T) =1,
/

] _ _ o
In 5l = 1904 = —(6330 K)(T g K)

1 _ / _ 1904 _ -3 -l
T = 2935k ~ gggs0k - 2077 x 10~ K

T=325K
(c) From the lecture notes, at 1 bar

2 1/2
K, = 4eq ' =(_KP )
SR KL

455 )"
& = [ L55ss) =073 mol  (vs. 0.19 mol at 29815 K)
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