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Chapter 13. Chemical-Reaction Equilibria

O Equilibrium conversion : dependence on T, P, X;

250, + 0, <> 250,

Rate 2 —> equilibrium conversion
at 300°C, 90% -> at 520°C, 20%

[ Reaction rate : not susceptible to thermodynamic treatment
Equilibrium conversion : found by thermodynamic calculation

O Objective of chapter : Determine the effect of T, P, x; on the equilibrium
conversion of chemical reaction
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13.1 The Reaction Coordinate

The general chemical reaction can be written.

‘Vl‘Al+‘V2‘A2+---%‘V3‘A3+‘V4‘A4+--- (13.1)
where |V;| : stoichiometric coeff. v, [+]: for a product
A. :chemical formula (-] for a reactant

1

ex] CH, + H,0 — CO + 3H,
Vew, =-1 Vo =-1, Ve =1, vy =3

=> Changes in the numbers of moles of species o v;
dn, dn, dn, dn,

Expansionto dn, _dn, dn, dn, . a0

all species v, Vv, Vv, v,

-.dn; =v,de (1331 [ e:reaction coordinate)
(2) Rk L ki
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Integration of eqgn (13.3) for initial state (¢=0.n, =n,,) to a state after reaction
j | dn, = j de =n, =n,+ve [134]
n;, 0
By summation, n = Z n, = Z n,+¢ Z \2
n=n;,+ve

. . n. n,+v.e
Mole fraction y; of species |, y, =—=—"—2" [135)

as a function of € n n, +ve
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Multireaction stoichiometry
O Two or more independent simultaneous reaction

use subscript j for the each reaction
=> Stoichiometric number has two subscript [ for species, for reaction )

EX ] v;; -> stoichiometric number of species i in reaction j
dn, = 2 v, de;
j

By integration. n; =n,, + Z Vi,jdgj
]

summing over all species n; = 2 n,, + 22 V€ =0+ 2( 2 Vi )E;
i i ] i

--N =N, + Z Vi€ Total stoichometric number for
] reactionj v = Xv,

1

J
n,+ Zvjej |
J (0) Rala L8 el
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13.2 Application of equilibrium criteria to chemical reaction

O At close system, constT&P AG' <0
O condition for equilibrium : Gt is minimum
= (dG');, =0  [14.68)
* Any reaction at const T, P lead to decrease of G!

O Two distinctive feature of the equilibrium state
1] total Gibbs energy Gt iS minimum
2] Its differential is (dG%p =0

3} ATt
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13.3 The Standard Gibbs Energy change and the equilibrium constant

Fundamental property relation
d(nG) = (nV)dP-(nS)dT+ 2 pdn, [11.2)
If there is change in the n, by chemical reaction dn, =v.de

-.d(nG) = (nV)dP- (nS)dT + 2v.pu.de

By the exact differential expression

o(nG 0(G*
S, =209 26,
g 0e

T,P

> v :change of Gt by change of £ (rate of change of Gtby € )

Zviui =0 (13.8) at equilibrium => another criteria of chemical reaction equilibrium

1

= ol et

F YOMSE] UNIVERSITY




From chap 11, using fagracity of species in solution

G, =p, = [(T)+RTInf, (11.46)

1

For pure species G, =I(T)+RTInf,  at standard state using notation

G, =I(T)+RTInf/

Difference between p. and G

A

i, -G =RTIn fg [13.9)

i VY

#; =G} +RT In ffo

i

Vel A

£ £
2 v, (G’ +RTIn(5)) = 2 v,G! +RT Zln(fg)vi =
7 ZviGiO
=4 lnHi(L‘b)V" ==t
f RT

3% o1 4| CH St al
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In exponential for
defining IT. (ﬁ /£7)" =K (13.10)

-AG? AG®
where K= —), =_
exp( RT ) InK RT

(13.11)
where AG" EViGiO

G? : property of pure species i in its standard state at fixed pressure
=> only function of temperate

K., :equilibrium constant for the reaction

ZViGiO = AG" :standard Gibbs-energy change of reaction

Difference between G of product and reagent at standard sate
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In general, standard property changes of reaction for property M,

AM? = Z\,MQ function of temp only can be related to one
another by eqn. similar to property relation

AH =2vH! ACp’ = 2v Cp°

For example, 1 _ T oG/ RT)] 6.39)
RT or °*
d(G!/RT
= H’ =-RT’[ ( )]P
dT

By muitiplying v, and summation over all species

d( 2.v.G"/RT)

!SH I .
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13.4 Effect of Temperature on the Equilibrium Constant

O standard state temperate =T at equilibrium
=> standard property change of reaction [ AG®, AH" )

O Dependence of AG° onT

AG®° AG®
4t S A
AH° = -RT? — =
dT dT ~ RT°
. AG® o
since K =-_—= uaan AR _AR gy
dT  RT’

=> Show the effect of Temp a the equilibrium const

Assume that AH® is independent of T and integrate fromT°to T

LS LG
"KTTR TT '

=> Plot of InK vS 1/T => linear (straight line)

If AH®° <O (exothermic] => K| as T1
If AH° >0 (endothermicl=> K1 as T/
€3} M|t

F YOMSE] UNIVERSITY




O Rigorous development of the effect of T and K
— Based on the definition of the Gibbs energy

G} =H; -TS; (Gibbs energy at standard state)
By multiplying v. and summation over all species

2VG = 2 VH’-T 2VS°
0

T AG
AG® =AH’-TAS’, AH’=AHj+R | ~dT @18

dH® = ACp’dT, dAH° =ACp°dT (T, :reference Temp)

0 , dT o _ o, dT
dS? = ACp’— — dAS’ =ACp’—
1 1 T T

dT oV T ACS dT
dS=Cp=——-(Z)dP 16211 = AS° = AS°+Rj AL

AHC - AG®
T

o

since AS; =

r ACY ACOdT
" AG" = AH? + j pdT TAS] - RTj
, R T

() Rl feigm|
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By division

AG® ACJ-AH) AH! 1 .1 AC, r AC) dT
= + + dT- | —F— (13.18)
RT RT, RT T Jn R T, R T -

% — InK : know the effect of temperate on K

C .
?p =A+BT+CT’+DT* (temperate dependence of heat capacity)

f CP T = AT (- D+ PP - D ST (0 - D 2 (2
RO 2 30 T, o7

I
N

ACp® AB_, AC ., , AD
dT:(AA)T()(T'l)'F?TO(T '1)+7T0(T —1)+T—

(¢}

-1
(—) (419
T

AA= 2N A, AB= 2vB,, AC= 2vC,

171 °

Similarly

T Cp dT , D 1+l
J, & 7 = AInT+[BT, +(CT; + 22l 513

r ACp® dT ., AD _ 1+l (1319]
jTO = AAINTH[ABT, + (ACT] + —5)(—l(t-1) (13

(o)

(o)
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(o)

: AG .
Once, two integrals can be calculated. RT - -InK can be obtained at any temperate

from standard Heat of reaction and standard Gibbs-energy change of reaction at a
reference Temp. (usually 298.15]

O Equation (13.18) can be rearranged and divided into three factors

AG" AG8+AH8 L 1 ACp T ACp dT
RT RT) RT, T  Tm
(1) (2) (3]
InK=M0D+2)+@3) , K=exp(l)xexp(2)xexp(3)
I.et K = KU K1 K2
-AG? 0 . Ty
— 0 — [
K, = exp( RT, ) (13.21) K, = exp[ RT, ¢! - )] 113.22)
ACO T ACS dT
K, =exp(-— j T+ j —) (13.23]
- 1 2
= exp{AA[Int- (—)] —ABT (T b 6ACT2 ()" (c+2)
T
1 AD (z-1
LA )} (13.20)
2T, 1 (2) Rl L kel
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K : equilibrium constant at T

K, : supplies major effect of temperate

KoK, : equilibrium constant of temperate T when AH? is independent of temperate
[compare with eqn 13.15]

K, : consider of temperate influence from change of ~AH
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13.6 Relation of Equilibrium Constants to Composition

O Gas-Phase Reactions

Standard state for a gas : ideal gas state of gas at 1 bar
From eqn (13.10) f

( ) £° =P° for each species

/\

1 Pio i (13.25)

K : function of temperate only

A

f. reflect nonideality of equilibrium mixture and function of T, P, X;
=> For a fixed temperature, the composition at equilibrium

A

f. =¢)iYiP (11.52)
. (/[\)iYiP V. A \V: P Y
SIS =K 2 Tye)" = (55) K 1326
\ n, n,+Ve,
Y. ==

n n,+ Ve,
For fixed temperature

(13.26] : equation relating €, with P
) SAICH S
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O Liquid-Phase Reactions A
Ji .
K =TI(=5)" (13.10]
f

1

fiol fugacity of pure liquid i at the temperature of the system and 1 bar

f. "
Vi == = [, =yxf

Xt
. fugacity ratio ]]:’;) = %jfgf" = %x-(]]:’b)

f.
f—g:>1 : because fugacities of liquid are weak function of P

From egn(11.31) G, = I (T)+RTInf,
- G; at temperature T and pressure P G, =RTInf,
— G, at temperature T and standard pressure P° G, =RTInf;

f.
G, -G =RT lnf;0 Since dG = VdP - SdT = VdP [ at const T

1

P f. P
Gi_G? = jPoVidpa RTfl = POVidP

10
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V; is weak function of P for liquid
f, V(P-P)

— (13. 30)
f0 RT

~.Eqn(13.10) becomes

vl lfl y
( ) (45" -H[%XI( 1"
n V.(P- PO) S
=II(yix; exp(— —)I" =
SIIxy,)" (13. 31)

Except for high pressure, TI(x,y,)" =K  (13.32]
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If the equilibrium mixture is an ideal solution v, =4
Ox)" =K  [13.33)

Species present in high concentration [ x; -> 1)

=

Y, ~=1 =X;  (Lewis/Randall mole)

=

For species at low concentration

A

f
f—l 7 X, Use hypothetical standard state for solute

1

If the solute obeyed Henny’s law up to a molality m of unity

A

f. =k m,
- 0 _
Hypothetical standard state m; =1 A
. A() 0 . fi
.-fi =kimi =ki ..f_mi

S K =I(m,)"
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13.7 Equilibrium conversions for single reactions

O Reaction in homogeneous systems (only one phase)
composition at equilibrium

P .
[I(y,)" = (F) 'K for ideal gas
[(y,p,)" = 5)'VK for ideal solution (gas])
[(x,)" =K for ideal solution (liquid)

O Reactions in Heterogeneous systems [ more one phase]

Case ] Alg] + Bll) => C(aa)l : ~G°: mixed standard state
C : ideal 1 molal aquous solution
B : pure liquid at 1 bar
A : pure ideal gas at 1 bar

A

f, £ /£0 m
G =K =G & C

S E IEDEL D) (yexg)(E, /P
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15.8 Phase rule & duhem's theorem for reacting system

Phase rule for non-reacting system of = phase and N chemical species
F=2- 7 +N [(phase No - independent eqn)
=> need to be modified to system where chemical reaction occur

F : the number of independent variable that must be fixed to its in its intensive state

O number of variable : 2 + (N-1)z
O number of ean

1) phase-equilibriumean (| G*=G? =G7--- ]
[(z-1)N
2] If there are r independent chemical reaction
Total independent ean: (z-1IN + 1

SF=[2+IN-1 7] - Uz-1IN+r] = 2-7 +N-T

2 oLy era
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O How do we determine the number of independent chemical reaction
1] from constituent elements, write chemical egn
2] eliminate all element not present in the system
The set of r equation by this reduction procedure
=> complete set of independent reactions for the N species

r»= [ No. of compounds presents in the system - No. of constituent
elements not present as elements )

If there are special constraints (s)
F=2-7+N-r-8

O Duhem’s theory (F =2 ):Fis for reacting as well as non-reacting systems
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15.9 Multireaction Equilibria

O When equilibrium state in reacting system depends on two or more independent
chemical reaction

O Finding equilibrium composition —> extension of the methods for single reaction

1) Determine a set of independent reaction
2] Find reaction coordinate for each independent reaction.
3] Evaluate a separate equilibrium constant for each reaction

A

f, -AG]
()" =K; 113,38 Kj=exp(——) =12, 1]
. fi o,
For gas-phase reaction  I1(;5)" =K,
If the equilibrium mixture is an ideal gas  f, =y P

YiP Vij
HCpe) ™ =K,

Vij P Vi
H(y1 =(F) KJ
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O Alternative method to find equilibrium composition at multireaction equilibrium
=> use the fort that G' is minimum at equilibrium

( Gt ]T,P = g[ n1, n2, n3, wun NN]

=> find the set { N; } which minimize Gt for special T, P based on the
method of Lagrange’s undetermined mutiplier

1. (total number of atoms of each element is constant
2 na, =A, (K=L2,...,w) (13.41)

1

A, :Number of atomic masses of K in the system
2, Number of atoms of K per molecules of i

2 Ay

AM(2na, -A)=0 (K=12,...,w)

Do summation 20 (2na, -A)=0
k i
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F=G'+ 2\ (2na, -A,)
k i

OF
for (ani Vi pa =0
oF 0G'
(=)o =(—)rn + 2hea, =0 (=12,....N)

8ni T.P.n; 8ni T.P.n; N KK

f f
L» n. =G +RTIn(—) =G +RTIn(—) FOr gas phase

f P :
i reaction

G!=AG{ [if G} =0 for all elements]

For example,C+0,->C0, G°= 2v,G® AGg, =Gy, -Ge-Go,
. 0 . P Z
oy =AG; +RTIn(y; ¢, F) + 2 hea, =0
. OF P
(5 e, = AGE +RTIn(y,$, 1)+ 2, =0 (1343

(13.43) : N equilibrium egn for chemical species
(13.41) : W material balance eqn for elements
N+ Weagn,N+ W unknown -> can be solved

(0) Rl L8 feigm|
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