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811-1 Introduction

When gases exhibiting marked chemical affinity for one another are mixed — Final
composition ?

eg. A +tBy =

2H )+ O

29) 2=(9)

+ 1 mole O

2(9) 2(9)

aT {nitial state 1 1 mole H

ina state : ? H + ?20 + ?H.,O

2(9) 2(9) 2>=(9)

1. If the pressure is low enough

p ideal gas can be assumed .
JLpartial pressure of i, p,=x;P

N

Change of Gibbs Free Energy : DG
DG %:1) DGR ( chemical reaction )
2) DGM ( mixing of remaining reactant gases and final product gases)

w

Fina equilibrium state U DG,
. Equilibrium constant for reaction : K

AN

§11-2 Reaction Equilibrium in Gas Mixture and

Equilibrium Constant

Consider Ag tByg = 2C(g)

Atconstant T, P, =1am

Initial : (1 moleA )+ (1moleB)
Final (any time): (n, mole A )+ (n; moleB) + (n. moleC)
At any instant during reaction :

G=n,G,+ny;G,+n. G,



find n,,n;,n. P G= G, reaction stops.

min

n,=ng ( Reaction consumes equal amount of A , B)
Nnc=2 n, ng=2(1 n,)

Ideal gas mixture : dG, =RT d(Inp,)

G, =G’+RTInp,

G, =G°+RTInX,+RTInP

A XB:n , XC:2(1- n,)

N A M) g g
> > 1-n,)
G'=n,(G2+G% 2G2%)+2G2+2RTInP
é L ~
+ 2RT @, B2 Q4 (1- 0, ) In(1- n, )y
8 e2g¢p 0]

DG°=(2G. G5 GY): Standard Gibbs Free Energy Change

G 2G2=n,( DG°)+2RTInP
é 1 ~
+2RT @, S22 Q4 (1- 1, ) In(1- n, )y
8 elg U
If total pressure P =1 am

G 2Gi=n,( DG°)+2RT @, 2% (1- n,)In(1- n,)g
6 e2g9 0]

{Fi rs term : DG dueto reaction

Second term : DG due to mixing of gas

DG'=G (G%+G2)

=[ 262 (G3+GY) | +n,( DG°)

é L. N
+2RT @, B4 Q4 (1- 1, ) In(1- n, )y
8 e2gp U



’

. Y- 5
DG'=(1 n,) DG®+2RT g, T2+ (1- n,)In(1- n,)y
€ €e2Zgp U
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Figure 11.1  The variations of the contributions to the decrease in the Gibbs free energy due to chemi-
cal reaction (line I1), the contribution to the decrease in the Gibbs free energy due to gas mixing (curve
[ID) with the extent of the reaction 4, + B, = 2C,,, for which AG° = —5000 joules at 500 K

Figure 11-1
point L : initid state (1 mole A , 1 moleB)
point Q: 2 mole C (complete reaction ) none of A , B

NQ= DG°
LM = 2RTIn2(mixinglmoleA,1moleB)
=DGY

MRN:(n,:A)+(ng:B)+(n.:C)

DG =RT*q n, InX, =(2) (idea gas mixing )
S Equilibrium state ( minimum DG)

DG 0 _ aﬂe'g

(GL*+RTInp,)+(G3+RTInp;)=2G+2RT Inp,



2

Pc

Pa s

2G2 G% G%= RTIn

Define : Equilibrium constant for reaction A + B = 2C

2
KPE pC

Pa *Pe

DG°= RTInK,

ie If G%,Gg,Gg known

P DG° canbecadculaeda T, P

K » can be obtained
Pr » P ,» Pc and then n, can be obtained

Lv)

that is final equilibrium composition

eg. A *+ By =2C,

G%=G%=0 , G%= 2500J , T =500K,P=1am

DG°=2G% GS G%= 5000J

(o]

Ko-=exp(- = ) =3.329
_oope o (XePP _ (Xg)® _@-n.)f

3.329 = = = =
Pa s (XBP)(XA P) (XB)(XA) (?LQZ

n,= 0523 (n,=11.4 nonphysica )
ng=0523 , n.=2(1 n,)=0954mole

8§ 11-3 Effect of Temperatureon K.,

InFigure11-1, LM =DG" and NQ=DG® and are dependent on T

Minimum point of curve MSQ is influenced by T



i.e. K, isafunctionof T

oG /T)u _ DH°

= —— and DG°= RTInK
g€ m 4 T °
MinK,  DH°
I RT?
or TinKe - N Vari t Hoff Equation
1@/ T) R

If DH® 0, endothermic reaction
2
T P Kyt P —Pe b Reation shifts to right hand side
Pa Ps
ie A + B - C
eg. Cl,, - 2Cl,

2
DH® 0 , K,= 2o
Pa,

Tt P Ket P (pg)t ad (pg,) !

Le Chatelier’'s Principle :
Equilibrium is shifted toward in the direction to eliminate the
disturbance .

§ 11-4 Effect of Pressure on Equilibrium Constant

DG°=2G2 GS G
DG? isdefinedasP=1am, T

DG? isindependent of pressure
K, isindependent of pressure ( But p, can change)

eg. Cl,, - 2Cl,



PG _ (XoP)_ X'

K._.=
i Pa, XC|2P XCIZ

‘P =K_:P

X

K . isdefined in terms of mole fraction

X

Ingeneral , aA + bB =cC + dD

c d
_ PcPp _ . p (c+d)- (atb)
Kp= —— =K, :P
Pa Ps

only if (atb)=(c+td), K, isindependent of P

if (atbh) (ctd) , Pt P K !

if (atb) (ctd) , Pt b K, 1 ( Ky isconstant)
JLwhen K, changes b p; changes
Reaction Equilibrium as a compromise between DHand DS

G=H TS

Congant T , DG= DH TDS
DG,, P DH,, and DS, .

min n

eg. Cly, =2Cl,

DH® 0, BDS® O

e Cl, has ahigher H than Cl,

2 Cl, hasahigher Sthan Cl,,

Cly1 b {DHT P DG 1

DSt b DG ! compromise is required

For A + B =2C

(9) (9) (9)

G 2Gi=n,( DG°)+2RT g, 224 (1- n,)In(1- n,)g
6 e2g 0]

é L. ~
=n,( DHC)+T g, x08° +2R[n, &2 24 (1- n,)In(1- n, )]y
é e2g U

=DH TDS



If T=500K, DG°= 5000(J)
G% G3=0 2G°= 50000
Take DH°= 2500(J) DS°=5 (JK)
When Tt b TDS is more important
p (nA)egT ! (nC)eg !
i.e. G, shiftsto left
( Another viewpoint: DH° 0O Tt P Kyl P equilibrium shifts to left)
2000 -3000
0 -5000
-2000 -7000
G'-2G°: J 4G J
-4000 -9000
AG'or G'- 2G9%;
-6000 - -11000
- TS
-8000 - ! . L
0.8 0.6 0.4 0.2 0 np
0 0.4 0.8 1.2 1.6 2 ng
Figure 11.2 The variations at 500 K of AH', —TAS’, and AG' with the extent of reaction Alg) +
B(g) = 2((g) for which AG® = —=2500 — 5T
Figure 11-2
Note:
DG° = DH® TDS®° = RTInK,
Tt P DG°!
for- DH°* 0 , DG° O
T P Kyl
(‘ﬂ INK, _ DH° )
T RT?



§ 11-5 Reaction Equilibrium in SO, - SO, ,- O,

System

L SO

SO E OZ(g) 3(g)

2(9)

Given {
DG°= 94600+ 89.37T

1. T=1000K , nig,=1mole, ng,= Emole

final composition ? and p,="?

P=1am
| - !
Sol S'02(9) EOZ(Q) S03(91)
it 1 1
2
) 1
Fina 1 x E(l X) X
T=1000K , DG°= 5230J
InK .= DG =0.629 , K ,=1.876
2
_ P, 2 P,
K P 1/2 K P 2
p502 mZ p502 >‘p02

Total moles: n;=(1 Xx)+ %(1 X)+X= %(3 X)

p,=X,P= TLP
n.
2xP _ 2(1- x)P _ @L- x)P
Po” 3oy PoT Tawy 0 PTey
»_ (3- x)x?

P (1- x)°P
(1 PK2):x*+(3PK: 3):x* 3PK:x+PK2=0...( )
P=1am,K ,=1.876 x = 0.463

Final composition :



(n 0, = 0.537 mole

A

Ne, = 0.269 mole

(Mo, = 0.463 mole

fpsoz =0.423 atm

{ Po,=0.212 atm

(Pso, =0.365 atm

2. Effect of Temperature: T | (1000K - 900K )

DG°= 94600 +89.37T

DH°=( 94600) O , DS° =( 8937) O

T+ P equilibriumshiftstoright P pg, 1, Ps, !,

From( ), T=900K K,=6.64 P=1am
x =0.704

Ngo, = 0.296 mole
Ny, =0.148 mole

Ngo, = 0.704 mole

r Pso,=0.258 atm

Po,=0.129 atm

A

| Pso, =0.613 atm

3. Effect of Pressure: P t (l1am - 10 am)

Po, |



T = 1000K , K ,=1.876 (independent of P), P=10am
DG°= 5230J
From( ) X = 0.686

Ngo, = 0.314 mole

Ne, = 0.157 mole

Ngo, = 0.686 mole

Pso, = 0.714 am

Po,=1.357 am

A

(P, =5.929 atm

i.e. K isindependent of P, but compositions change
Le Chatlier :
Pt P equilibrium shiftsto decrease of total moles

P equilibrium shifts to right ng, t, nNgy !

No, !

Effect of changesinboth T , P
Fromequation ( ) T P K,
T,Pchanges b P K, changes
P solution of x changes



8§ 11-6 Inasystem to keep aconstant p,, through
gas mixture of SO,/ SO, , CO/ CO, , H,/
H,O

. . Ngo
1. SO,/SO, mixturewith —= =a

Ngo,

aT=1000K , P=1 am

(1) tokeepp,, =0.1am,a="?

2 (Po,) e =7

1
sol (1) : SO 9 Eoz(g) SOyq4)
Initial a 0 1
Final atx %x 1 x and p, =021am
n,; = =(2at2+x)
No xP
=X, P= —P=
Po.= %o, n, 2a+2+X

forP=1am, py, = 01am a=45x 1

cie Pes _ Xe' 1 (@ '(2a+2+x) o
" Pe, Po, Xy, 2o, P (@a+Xx)% xx xP
T=1000K , DG°= 5230J K -=1.876

96.45x° 18.709x* 6.481x=0
x10
x =0.374

then a=0.683



Find p, =0.1am
4

p802 = l(a;x): 0.565 atm
4 —(2a+2+Xx)
2
~ Pso, :1(1'—)(): 0.335 atm
—(2a+2+Xx)
2
Po,/ Pso,= 1.7

c.p. ( p02/ pSO3)initiaI: a=0.683
(2) O,y isproduced by decomposing SO, into SO, + O,
maximum p, - can be obtained by setting a= 0

i.e. starting with 1 mole SO, ,, only , and from ()

Final Po,=0.212am
Pgo, = 0.423 am

Pso, = 0.365 am P=1am, T =1000K

2. Tokeep avery low p,, can be obtain by H,O/H, or CO/ CO,

mixture

eg. P=1am, T =2000K p, =10"" am

inaH,O0/H, gas mixture , (pPuo/Py)=7?

DG°= 247500 +55.85 T (J)



T =2000K , DG°= 135800J

DG°= RTInK, InK ,= 8167 , K,=3521 x 10°
Pu,
KP: H—Ol
Py Po,2?
Po, =107 am (Pyo/Py,)=3521 x 10°?

Operation : If p, =1am , p,,=0.03521am
Equilibrium vapor pressureof H,O,,
logp .., (am) = @ 465log T + 19.732

when T = 27 ,  Pu,o=0.0352am

BubblingH, , a 1 atm through water , T =27  then feeding gas mixture into

2000 K chamber

3. Keep p,,=10"*am , T =1000K , P=1am
using CO,/CO mixture , (Pco,/Peo ) =7
sol : CO + %OZ = CO,

DG°= 282400+ 86.81 T (J)

T=1000K , DG°= 195590J= RTInK,
InK = 2352 , K,=1646 x 10"

Pco 1

=

1
2

Pco 0,2 Pco (10" %)

Pco, _

—2_=1.646
Pco



P= 1 am (pcoz+pco+poz) C pCOz+pOz =lam
Peo,= 0622 @m V., =622
po, = 0378 am V., =378

Vo, ! Vo = 1.646

Note : Mixtureof A:acm®, B:bcm®, P=1am

n,= Pa_a , Ng= b Before mixing

RT RT RT
After mixing

D,= n,RT _ a

"V a+b

D= ngRT _ b

® V  a+b

p_ = n_A: E = —(a/a+b) :Va /Vb

Ps ng b (b/a+b)

Ex1: P,y =2P,, (Endothermic Reaction )

DG°=225400+79TInT 2094 T

1) P=1lam X, ,=Xp,=05 T=7?

2 T=200K X,=X,=05 P=?

sol (D) K= —— =

when P=1am X, ,=X,=05 P K =05P=05

InK, =In(05) = DG~ _ '2;109 095InT +25.18

RT

T=1429 K

(2) when X,=X,=05 K,=05P



T=2000K DG°= RTInK,

mo

InK = = 4.405

K,=8183=05P
P = 163.6 am

Ex 2: 2NH,, = Ny, + 3Hy,

DG°=87030 258TInT 31.7T ()

(1) T=400 , P=1am Final composition:p, = ?
(20 T=400 , V=constant p, =7?
sl (D) 2NH;,, = Ny, + 3 Hyy

initial 1 0 0

final 1-2x X 3x

n; =(1+2x) moles

(p, = X p (T =400 =673K
: 1+ 2x
X
= P DG°= 47370
$ P T T )
1- 2x DG°
= P K .= ex = 4748
\ P, = T35 L Ke=exp( RT)
« - P, Pn,” 27x*P? _27XP?
T P A+2x)%(1- 2x)2  [(1- 4x)?]?
K 7 _ 5.196x°P
i (1- 4x)?

Substitute K .= 4748 , P=1am x = 04954



3X

= P = 0.7465 atm
(P = Tk
X
= P = 0.2488 atm
3 P T Teax
1- 2x
= P = 0.0047 atm
L pNH3 1+2X
2 Initial 1 mole , Final ( 1+2x ) moles
n, 1t , P =1 atm = constant pressure
constant volume P P= 1
(1+2x)

Assume final pressure= P at constant volume

. = 3X
TP
X
= P
3 P T Teax
_1-2x P’

\ pNH3 - 1+ 2x
RT _ (L+2X)RT
P P
P=(1+2x )P = (1+2x) am

V =

K ; _ 5.196x°P
T - 4x)?

Substitute K ,= 4748 , P =(1+2x)

:  5196x%(1+2x) _ 5.196x>

Kp? =68.91
@- 2x)(1+ 2x) L- 2x)

x = 04909 P '=19818am

1.4727 am

r Py,

0.4909 am

< pN2

_ P, = 0.0182 atm




Ex2-1 What is the equilibrium ratio of (n,, /n ) =7 to maximizethe yield of
NH,when mixingH, and N, ?
ol : N + 3 H = 2 NHg,,

2(9) 2(q)

Assume that at equilibrium, (p,, /p,,)=a
P= py, * Py, * Pun,

pNH3:P (a+l) P,

. = P- pNH3 :a(P' pNH3)
e+l TP g+l
pNH32 _ pNH32(a+1)4

K.= =
T PPy, @(P-p)’

WhenNH ; is maximized , P py, is maximum

d (Pyy,)
da
InK,+3Ina+4In(P p)=2Inp+4In(atl)

3 -4 2

Sxda + dp= Zxdp + —2>da
a P-p p a+1

3 4 2 4
(5 —Dda= (S+=—dp
a p P-p

=0

a+1
@:O (E _4)20 a=3
da a a+l
Ex3: (1 moleCH, +1moleCO, )
T=1000K , P=1am

Final equilibrium composition ? p, =?
Given (1) CH,,=C 4+ 2H,, DG$=69120 22.25T InT +65.35
(2 2 Cy=0,,+2C0O4 DG9= 223400 1753T

(3) Cy+ Oy = CO,y  DGY= 394100 08T



1 o_
(4) H,y +§ O,,=H,04 DGS= 246400+54.8 T
sol (I) : consider CH,,+CO,, =2H,,+2CO4...... )

=0+ O
DG2=239820 2225TInT 109.15 T

T=1000K DGY= 23027 K, =exp(- sfts ) =15.95
CH i+ COyq =2 Hyy+2C0O,
initia 1 1 0 0
fina 1 x 1 x 2X 2X N, =2(1+x)
_ _ @-xP
Pcr, = Pco, 2(1+x)
_ . xP
Pu,=Pco (1+ )
Peo - Py, (2X)*P?
Kn,=1595= — " = —
Pcr, Pco, [2Q+Xx)]° (- x)
1 2 2
K,?=399= — &P _ 2P
° 2(1+x)(1- x) (1- x9)

P=1am X =0.8163

Pcu, = Pco, = 0.4494 atm
Py, = Peo = 0.0506 am
(1) Then consider furthermore :
H 2(9) + CO 2(g9) = H 2 O(g) + Co(g) ........ (6)

©® =@ (3 (—2 DG2=36000 32.05T

D6 v~ .62

T=100K , DGZ=3950 , K, =exp( =



29 (9)

Initial 2X 2X 0 2X

Fina 2x y (1 x) vy y 2x+y
Final composition : (Mo, = 1 x

Neo, =1 x vy

¢ M, =@0y)

N =(2X y)
anzo =Yy
Pen, = d- %) S Pco, = d-x-y) P
2+ x) 2 21+ X )
o= XY p o, o (2XY) g
2 2Q+x) 2(1+x )
_ y
Preo 2(1+ X )
2 _ 2 2 + 2P2
K, =1595= (2x- y)"(2x +y) :
(1- x)(1- x- y)(2+ 2x)
K,=062= —2X*¥) Y
" (2x - y)(1- X - y)

Computer solution with P =1 atm

= 0.785
{/ =0.0775

N, =2(1+x)



Pen, = 0.0602 atm
Pco, = 0.0385 am
< py, = 04181 am

Pco = 0.4615 atm

\ Pro = 0.0217 atm Pua =lam

(1) CO/ CO, and H,/H,O mixturewill have their equilibrium p,_

1
CO, + EOZ(Q): CO,y e (7
(7 =(3) % , DG9= 282400+ 86.85T
— o _ — - DG? - 10
T=1000K, DGS= 195550, K, = exp( )=1.64 x 10
! i RT
K., = Pco, _ 0.0385 =164 x 10

1
Peo P02 046150, 2

Po, =2.6 x 10°® am

1
Or, Hyg 5 Oyg=H20p -ovoeee )

T=1000K, DG%= 191600 |, Kp =102 x 10%

K, = Pho, _ 0.0217

7\

1

1
P P02 04181, 2

Po,=2.6 x 10°* am

Note : 1. part (lIl) is part():CH ,, + CO,,, =2 H,,+2CO,,



1
and{ H 2(g)+502(g): H, 0

1

COyy *+ 502(9): CO

i.e. further oxidation of H,, and CO,,

2. Fina equilibrium composition

[ Pey, =0.0602 atm
Pco, = 0.0385 am
p,, = 04181 am
Pco = 0.4615 atm

Puo = 00217 am

\poz =2.6 x 10°® atm



