Chemical
Equilibrium
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The maximum entropy [:_)rincigle

Slk
~~ dS>0

V = Constant

U = Constant

displacement

dS|,,=0 For any spontaneous
oY process




Gibbs function — Criterion for

equilibrium
e Recall the Gibbs function
G=H-TS=U+PV-TS

G1

T=Constant |[dG<0 dG ‘T’P <0
P = Constant QO—
dG =0

displacement




Chemical Eotential

e For a multicomponent system, define the
chemical potential of component I,
symbolized by p;, as:

J, =

oG
Hi = (a_ni)T,P,n



Chemical [c_)otential

 The Gibbs function has been shown to be:

G = i N 44
i—1

* And the condition for equilibrium takes the
form: G

C dG <0
dG | p= Q) udn, =0 (
i=1 dG =0

Number of moles n;




Single phase of a pure substance

e Let n be the number of moles

e Then G=np
e The chemical potential Is then:
G —
pu=—=9g
N



Ideal gas mixture

« The enthalpy and entropy of an ideal gas
mixture are:

H:iniﬁi(T) Szinigi(-r’pi)

* P, =Y;p IS the partial pressure of component |
(the pressure that component i1 will have If it
occupies the same volume as the mixture at the

same temperature)



The Gibbs function for a mixture of
Ideal gases

e For each gaseous species I that comprises
an ideal gas mixture at constant T and
constant P, we have:

Ei —hi -Ts

» Associate a sub-volume v; with each of the
C-components:

Tds = dui + pdvi = dsi o, ORIV

T Vi
CORNELL

RSN TV



The Gibbs function for a mixture of

Ideal gases -
J - = dT —=dyvi
dsi =cCv

T Vi

e The individual volumes vi are the “internal
degrees of freedom’ which may adjust
themselves so that the system attains
equilibrium.

* An expression for the molar entropy can be
calculated for any ideal gas species occupying
volume vy, at some temperature T by integrating
that volume from some reference state.
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The Gibbs function for a mixture of
Ideal gases

- - dT —=dv
i +R—
—ref T Vi
e Introduce vy; :the volume that a mole of
Isolated gas would occupy at some temperature

T and some reference pressure P,

—ref

e Integrate fromvi to vi; with constant T:

gi (gi)—gi (g:ef) = ﬁln v




The Gibbs function for a mixture of
Ideal gases _

- = — —ref — Vi
Si(Vi)=si(vi )=RIn—
Vi
 Since for an ideal gas:
g pref
|
—ref
Vi Pi
- — —  —ref _ pref . pref
° We Conclude Si (Vi)_Si (Vi ) =RlIn = RIn =
Y YiP
: . _ _pJiP
where, the partial pressure of component i is: =—RIn et
Pi=Y:P P
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The Gibbs function for a mixture of
Ideal gases

Yi P
ref

» Here p;i=yp Is the partial pressure of
component I — the pressure that the
component | will have at temperature T
occupying the mixture volume.

pV =nRT, p.V =ni§T :%:F':yi

si(T,P)=5i (T)=RIn

CORNELL.



Ideal gas mixture
G=H-TS :iniﬁi (T)—Tinigi (T1 pi)
=2 (hi(T)=Tsi(T, py))

e \We Introduce the molar Gibbs function of
component I as:

0,(T,p)=hi(T)-Tsi(T, p,)



Chemical Eotential of component i
u=0,(T,p)=hi(T)-Tsi(T, p)

G=>ng,T,p)



Chemical Eotential of component i

1 =hi(T)=-Tsi(T,P)

—hi(T)=T(s (T)=RIn2P)

ref

—hi(T)=Tsi (T)+RT In 22

ref

0 or 1. Ji P
= ¢, (T)+ RT In——(ideal gas only)

ref




Chemical eguilibrium

e Consider a simple chemical reaction at
equilibrium:

1H2+%02 =1H,0

» Assume we have to start with 1 mole of H,
and 1 mole of O,. Lets assume that 2x
moles of H, react with x moles of O,
giving us 2x moles of H,O. Thus at
equilibrium, we have the following:
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Chemical eguilibrium

o At equilibrium:
1H, +%O2 —1H.,0
1-2x 1-x 2X
moles moles  moles

e Thus the mole fraction at equilibrium Is:

1
1H, +EOZ —1H,0 dn, =-dn, ,,dn, =—%dnHzO
1-2x  1—x 2X —dn,, _ —dn,, _dn,,
2—X 2—X 2— X 1 % L
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Eguation of reaction eguilibrium

1
1H, +EOZ —1H,0 dn, =-dn,,,dn, = —%dnHzO

_

1-2x 1-—X 2X —dn,, —dn, dn,,

2-X 2-X  2-X %;1

Stoichiometric
coefficients




Eguation of reaction eguilibrium

1 —dn, —dn,  dn,,
H,+20, =1H,0 — 7 =71 =

2
dG |, o=y, ANy, + 4 dng + g4, odNy 5 =

1

dG |T,P: (_]quz _E/uoz +1:quo)dnH20

At equilibrium: dG|; ,=0

1

Ly, =7 to, +1ttyy0 =0



Consider a general reaction

e For areaction given by:

v ,A+v,B=v.C+v,D
e The equation of reaction equilibrium Is:

Valp TVgHg =V e TV Hp

The composition that would be present at equilibrium for a given T and P
can be determined by solving this equation. The solution procedure is
simplified through the equilibrium constant concept introduced next.
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The eguilibrium condition

Re-write the equilibrium condition in terms of the definition of g.

Valp TVgHg =V e TV Hp

yAp)+VB(af; +RT In pr) =

ref ref

Ye Py y (gp +RT InYeP)

ref ref

Va (ai +RT In

Ve (Ef: +RT In

—0
g; all of these terms are at temperature T and 1 atm.



The eguilibrium condition

Rearrange terms to obtain:

Y2y 4 vy (gg +RT In 22 Py

ref ref

YePy 1y (g0 +RT In2oP)

ref pref

|

—0 —0 —0 —0
Vele TVpUp = Va9a—Ve0Op

Vi (62\ +RT In

Ve (6?; +RT In

=—§T(vC In Ye P +v; In Yol —v,In YaP —v, In Ye p)
pref pref pref pref




The eguilibrium condition

—0 —0 —0 —0
0
Define: AG” =v-. 0. +Vp0p — Va0, V505

(computed at T and 1atm)

0
_AG =, In ycp+vD In %p—vAln yAp—vB inYeP _

RT pref pref pref pref

In[y?/iyl‘?: ( p )VC+VD—VA—VB]
yA yB pref




The eguilibrium condition

0 Ve v/VD
AS e

( p )VC+VD—VA—VB]

RT Z\A I];B pref
AGOl
~ == =InK(T)
RT
Where the equilibrium constant K(T) is defined as
Ve /YD p
K(T) — (‘:/ I‘:/) ( )VC +Vp —VaA—Vp
AA BB pref

log, K values over a range of temperatures is provided in Table A-27
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Examlc_)le

Consider the gaseous reaction: P, = 2P,
For a system that has only gases P, and P,
present, it Is determined that at T = 1430K
and P,_.., = 1 atm, the mole fraction of P,
and P, are equal (Yp, = Yp,)-
Approximating the system as an ideal gas
mixture, find the mole fractions of P, at
the same temperature (T = 1430K) and at a

total pressure P, .., = 3/8 atm.



Exam,c_)le

« Consider the following gaseous reaction:
CO+H,0O - - H,+CO,

* Initially we have 2 moles of H,O and 1 mole of
CO.,.

 How many moles of oxygen exist at
equilibrium?

* If the reaction Is carried out at a different
pressure, how will the concentration of CO

vary?




Exam,c_)le

e \WWrite the reaction as a sum of 2 reactions!

CO+H,0 —— H,+CO,
CO+1/20, ——CO,

0 moles 0 moles 1 mole (initially)

2Y moles y moles 1-2Y (at equilibrium)
H,O —— % 0,+H,
2 moles 0 moles 0 moles (initially)
2-2x moles X moles 2X (at equilibrium)




ExamF_)Ie

e Note the mole fractions in the mixture
— CO: 2y/(3+x+ty)
— CO,:(1-2y)/(3+x+y)
— H,:2x/(3+Xx+Yy)

— 0, (X+Y)/(3+x+Y) Solve for x and y

—H,0: (2-2x)/(3+x+y) [
AGIITT
Loy _(%..)
H:0 = 20, + H» —AGHL B TR
0 + %Dz = GD: QGE;;:}: 3+J{+r 3+X+})
H,O + CO = Hy + CO,  AGHET — AGHT 2 1/2 Ml o1
2 2 2 C O H20 3+Al+}’ af;:-:Y] B F— (—.ﬁi“")
T ox =€
3+X+Y

CORNELL.



	Chemical Equilibrium
	The maximum entropy principle
	Gibbs function – Criterion for equilibrium
	Chemical potential
	Chemical potential
	Single phase of a pure substance
	Ideal gas mixture
	The Gibbs function for a mixture of ideal gases
	The Gibbs function for a mixture of ideal gases
	The Gibbs function for a mixture of ideal gases
	The Gibbs function for a mixture of ideal gases
	The Gibbs function for a mixture of ideal gases
	Ideal gas mixture
	Chemical potential of component i
	Chemical potential of component i
	Chemical equilibrium
	Chemical equilibrium
	Equation of reaction equilibrium
	Equation of reaction equilibrium
	Consider a general reaction
	The equilibrium condition
	The equilibrium condition
	The equilibrium condition
	The equilibrium condition
	Example
	Example
	Example
	Example problem
	Example problem
	Example
	Example
	Example



