26. Chemical Equilibrium

26-1 Chemical Equilibrium Results When the Gibbs Energy is a
Minimum with Respect to the Extent of Reaction

Gas phase reaction v, A(g) +v;B(g) v Y(g) +v,Z(g)
Extent of reactionx  dn, = —v,d& dn, =v,d&
dng = —vyd<& dn, =v,d&
. : oG
Chemical potential 4y =| —
ony I.P.ng.ny . nz
at constant T, P: dG =y, dn, + pgdng + ppdny + p,dn,

= (v sty — vty +Vypy +vzu)dE

éG
(:J = —Vally —Vgly +Vy syt =AG
s Jre

in equilibrium, A G=0

BB
BB

constant)

(equilibrium
AG*(T)=—RTInK(T) KP(T)_( ]
e
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26-2 An Equilibrium Constant is a Function of Temperature Only

BB &
o Z‘E} =P
R R™) 1

g 2

PCl(g) === PCL(g)+Cl,(g) KP(T)_(

‘,:eq

Equilibrium constant Kx(7) does not depend on a total pressure P, but P controls Z,,.
=Le Chatelier’s principle

conversion from P-representation to c-representation: (P° =0.1 MPa, ¢ =1mol L)

K, =K. C"R‘T K = (cy /C:) “' (c; /c:)'Z
P (cy /) (g /)™
26-3 Standard Gibbs Energies of Formation can be Used to
Calculate Equilibrium Constants

AH is calculated from standard enthalpy of formation.
AS" is calculated from standard (absolute) entropy.

AG =AH -TAS® :
T T r ]Ile(T):*A:G

= v, AG[Y]+v,A,G°[Z) - v, A,G[A] - v4A,G*[B] RT
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26-4 A Plot of the Gibbs Energy of a Reaction Mixture Against
the Extent of Reaction is a Minimum at Equilibrium

N,0.(2) 2NO,(g)

G(&)=( *f)éx:oa + 2';’5.\'0:
=(1-4)G"x.0, +25G v, +(1-5)RTIn By o +2&RT In Py,

When a total pressure is 0.1 MPa,
A;G5,0, =97.787 kI mol ™

1-¢ 2

Boo. =1 Be=17; A,G*xo, = 51.258kI mol™
1-& 25

G(&)=(1-8)A:Gx0, +2EA:Gxo, +(1-E)RT In o =+ Zg’RTlnH’_’

Under appropriate standard conditions (R7 = 2.4790 kJ mol1),

=

&=<& ., that minimizes G(<&) leads to the equilibrium constant = Kp =0.148

AG*
RT

This value coincides with that obtained from In K,(7) = -
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26-5 The Ratio of the Reaction Quotient to the Equilibrium
Constant Determines the Direction in which a Reaction

will Proceed
v, A(g) +vB(g)

vy Y(g) +v;Z(g)

AR (P 1s not necessarily equilibrium pressure.)

AG=AG (I)+RTIn "L
BUET

R"B" ,
=— A, G=RTIn /K
0= s (05/K»)

0Op < Kp = Reaction proceeds from left to right spontaneously.
(Qp > Kp = right to left)

Reaction Quotient:

26-6 The Sign of A,G and not that of A,G’ Determines the
Direction of Reaction Spontaneity

AG" < 0= Kp>1: Reaction proceeds from left to right.
A,G" > 0= Kp< 1 : Reaction proceeds from right to left.

2NO,(g) A,G <0: spontaneous (until Op = Kp)

N,0,(g)

2H,0(g) AG <0: No reaction without any initiation.

2H,(g) + 0,(g)




26-7 The Variation of an Equilibrium Constant with Temperature

is Given by the Van't Hoff Equation
Gibbs-Helmholtz formula

[ 8 AG J  AH
or T ), T
By representing Gibbs energy with equilibrium constant

ok dink. AH AH > 0(endothermic) high-7—high-Kp
[ ol PJ T £ = RrTl AH <0(exothermic) high-T—low-Kp
P

Integration from 7 to 7; results:

1 K1) JJAH{T) _AH(1 1
KP(T) R \T, T,

InK, is proportional to 1/T(cf. Clausius-Clapeyron equation)

Temperature-dependence of A H
AH (T)=a+ BT+ +6° +

— conversion into temperature-dependence of K
mK,)=A-%+BumriZri 22y
RT R R 2R
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26-8 We can Calculate Equilibrium Constants in Terms of
Partition Functions

Gas phase reaction under constant V, T

v,y A(g) +vB(g) vy Y(g) +v,Z(g)
Helmholtz energy: A = gy dny + pgdng + gy dny + w1y dny
Condition for chemical equilibrium: Vy by H Vil =V, — Vg ity =0

Partition function of a mixed gas is the product of those for each component.
0= Q(NA:NB:NY.-Nz:V:T)
= Q(N_:\:V:T)XQ('NB.-V.-T)X'”

_aw.D™
N,
Chemical potential:
u, = -r7] 222 - k2D Ly 15- RThO)
ON, N V.T Ny

With an equilibrium condition, —* o ZTE - - Q‘Z' ~ = representation of X,
N, "Ny ds "5
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26-8 We can Calculate Equilibrium Constants in Terms of

Partition Functions (cont.)
A. reaction of diatomic molecules

H:(2) +1:(2) 2HI(g)
K(@T)= T
UERGS

( mg? ) (468201 ) -expl- 07 /T - expl- eigb/T]}cx 2D - D —pk:
- My Ty (Qrfflf P

fi—expl-o7 /7| RT
On calculating K, based on the right table, | K | KuD) | In KD |

—sto plot against 1/7 500 138 4.92

—to derive AH from the line slope 17;)50% ;; ; ggz

Caled.: -12.9 kJ/mol - -
ae e 1250 191 295

Obsd.: -13.4kJ/mol 1500 142 265

B. reaction of polyatomic molecules

to use rotation temperature of asymmetric top TIK In Kx(T) | In Kp(T)
to use vibration temperatures of normal modes calcd. exptl.

1000 235 2L
Calculated formation constant of H,O(g) — 1500 13.1 13.2
2000 852 8.15
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26-9 Molecular Partition Functions and Related Thermodynamic
Data Are Extensively Tabulated (omitted)

26-10 Equilibrium Constants for Real Gases are Expressed in
Terms of Partial Fugacities

Chemical potential of non-ideal gas (introduction of fugacity f)

w(T.P)=pu (T)+ RTIH% =4 (T)+RTIn f relative to standard state /°

gas phase reaction
vy A(g) +vB(g)

At equilibrium condition (A,G =0)

vy Y(g) +v,Z(g)

vy pVz Ve gV
St fs Lt e

K thermodynamical equilibrium constant

1 3
SN:(@)+5Hy(g) === NH;(») I

1 6.59 6.55
3 6.76 6.59
5 6.90 6.50
10 S 6.36
30 8.84 6.08
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26-11 Thermodynamic Equilibrium Constants are Expressed in
Terms of Activities

Chemical potential of non-ideal solution (introduction of activity)

4, =4, +RTna, solvent of a dilute solution: @; — x; when x; — 1
4" 1s a chemical potential of pure solvent (Raoult’s standard state)

=+ RTIna, slutes of a dilute solution: @, — ¢; when ¢; — 0
4 is a chemical potential of solute in 1 M ideal solution
(Henry’s standard state)
General reaction

viA+vB vY +v, Z

At equilibrium condition (A,G =0),

AG=AG +RTm ™ 2_-0 = AG =-RThK, K,T) —[u}
a, "dag A G5 )y
K thermodynamical equilibrium constant
Calculation of activity 1 7 —
-~ [ 7ar
a RT N (gas phase)
v
=—(P-1 (condensed phase
& D phase)
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26-12 The Use of Activities Makes a Significant Difference in
Solubility Calculations Involving lonic Species

Dissociation of aqueous acetic acid (0.100 M)

CH,COOH(aq) + H,0(l) H,0"(g) + CH,CO0(aq)
K - %y o~ %en,000- _ 9y.0-%u,c00- —1.74%10°
‘ Aey coonn,0 ey, coon

Co o Cett,co0-72
= 07 GAC00TTE approx. 7+ =1 = cgo. = 1.31 mM, pH = 2.88

Ccn,coon
Calculating y. (by Debye-Hiickel’s limiting law, 7. is ionic strength)
11732z |(Z,)"” 1

Iny = 1+(1)" 1 :E(CHSO' +Cen coo-

)= a0+ ~ Cen,coo-

=Cp30- = 1.31 mM as initial value results y., which gives new cy;0- (iteratively).

= y. =0.959, cuso. = 1.37mM, pH =2.86

More noticeable error occurs in calculating solubility.
For BaF,: approx.y.=1 = 5=752X10° M
iterative method y.=0.700 = 5s=0.011 M
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