GIBBS FREE ENERGY, EQUILIBRIUM AND THE LAW OF MASS ACTION

The Gibbs Free energy (G) of a closed system is given by:

G = U – TS + PV

where U is the internal energy, S the entropy, T the temperature, P the pressure, and V the volume

and the differential of G by

dG = dU – TdS –SdT +PdV +VdP

but

dU = TdS – PdV

therefore

dG = -SdT + VdP

Now lets consider an ideal gas at constant temperature

V = RT/P

and

dG = RT(dP/P)

integrating from the standard pressure (P() to another pressure (P) yields:

G - G( = RT (ln P – ln P()

and as P( = 1 atm and ln P( = 0

G - G( = RT ln P
Where G and G( are the molar free energies of the gas at P and P(.  

Let us now imagine a mixture of four gases that are related by the reaction

A + B( C + D

then

GC – GC( + GD -  GD(  - GA +  GA( -( - GA +  aGA() 

= RT(ln PC + ln PD – ln PA - ln PA)




= RT ln(PC PD /PA PB)

(rG - (rG( = RT ln Q
where Q is the reaction quotient.

At equilibrium (rG = 0

and

(rG(  = - RT ln K

EFFECTS OF TEMPERATURE AND PRESSURE ON (rG( 

The total differential of G in terms of T and P for a closed system is:

dG = ((G/(T)PdT + ((G/(P)TdP 

but

dG = -SdT + PdV

therefore

((G/(T)P = -S

and 

((G/(P)T = V

In the case of reactions we can rewrite these last two equations as

(((rG(/(T)P = -(rS 

and

(((rG(/(P)T = (rV
Integrating from the standard state temperature of 298.15 (C these expressions become :

(rGT( - (rG298( = ∫T298 - (rS( dT

and

(rGP( - (rG298( = ∫P1   bar - (rV( dT

If we assume that (rS(  and (rV(  are constants, the above expressions become

(rGT( - (rG298( = - (rS298( (T – 298.15)

and 

(rGP( - (rG298( = (rV298( (P – 1)

CLAUSIUS CLAPEYRON EQUATION

Consider the reaction Kyanite→Andalusite.  

At equilibrium ΔrG = 0, i.e.,

Gkyanite = Gandalusite

and 

dG = -SdT + VdP = 0

therefore

-SkyanitedT + VkyanitedP  =  -SandalusitedT + VandalusiteedP

and

dP/dT = (Sandalusite – Skyanite)/(Vandalusite – Vkyanite)

or more generally

dP/dT = ΔrS/ΔrV

Let us now apply this relationship to calculate the equilibrium boundary for this reaction.  At constant pressure

(((rG(/(T)P = -(rS
and

(rGT( - (rG298( = ∫T298 - (rS( dT
or if (rS( is a constant

(rGT( - (rG298( = - (rS( (T –298.15) 
0 –1220 = -9.41 (Teqbm – 298.15)

Teqbm =  427.8 K

          =  154.6 oC

dP/dT = ΔrS/ΔrV

                                                     = 9.41/0.744  (1 cm3 = 0.01 Jbar-1)

     =12.65

Mineral
Formula
(fH(
(fG(
S(
Vo



kJ mol-1
kJ mol-1
J mol-1K-1
cm3 mol-1

Kyanite
Al2SiO5
-2594.29
-2443.88
83.81
44.09

Andalusite
Al2SiO5
-2590.27
-2442.66
93.22
51.53

Sillimanite
Al2SiO5
-2587.76
-2440.99
96.11
49.90

Similarly for the reaction boundary between andalusite and sillimanite, 

   Teqbm =  602. 9 oC

and 

  dP/dT =  -17.73

These two equilibrium boundaries intersect at 416 oC and 3310 bars.

In order to determine the position of the reaction boundary between kyanite and sillimanite, we need now only calculate the slope

dP/dT =  21.17

This phase diagram could be constructed more accurately by evaluating the relationship:

(rGTP   = (rH298( + ∫T298 CpdT – T ((rS298( + ∫T298 (Cp/T)dT ) + (P-1) ((rV)

at (rGTP = 0

REACTIONS INVOLVING A GAS PHASE

Implicit in the above application of the Clausius Clapeyron equation is the assumption that (S and (V are constant.  This is essentially true for solids – for which the changes in S and V are small and typically in the same direction.  Thus the corresponding changes in (S and (V are even smaller.  However this does not hold for gases and liquids which are compressible and undergo relatively large changes in entropy with temperature

Let us consider a reaction 

Calcite + Quartz  = Wollastonite + CO2 

Which involves three solids and a gas

(rGTP   = (rH298( + ∫T298 CpdT – T ((rS298( + ∫T298 (Cp/T)dT ) + ∫1 P (rVdP

= (rH298( + ∫T298 CpdT – T ((rS298( + ∫T298 (Cp/T)dT ) +(rVs (P-1) + ∫1 P (r(RT/Pg)dP

= (rH298( + ∫T298 CpdT – T ((rS298( + ∫T298 (Cp/T)dT ) +(rVS(P-1) +RTlnPg
.

or in the case of the above reaction

= (rH298( + ∫T298 CpdT – T ((rS298( + ∫T298 (Cp/T)dT ) +(rVS(P-1) +RTlnfCO2

LAW OF MASS ACTION

The law of mass action states that “the rate of a reaction is directly proportional to the concentration of each reacting substance”. Consider an irreversible reaction: 

A + B( C + D

According to the law of mass action this reaction would be under a driving force to the right and the rate at which it proceeds is given by 

k1[A][B]

where k1 is a constant of proportionality, and [  ] refers to concentration.

However, at equilibrium the reaction becomes reversible, i.e., it can also proceed  from right to left.

A + B = C + D

If we were to mix equal amounts of A and B in one container and equal amounts of C and D in another container and if the conditions reactions would proceed spontaneously in the two containers and stop only when there were identical mixtures of A, B, C, and D in the two containers. The “driving forces” of the two reactions would become equal, i.e.,

k1[A][B] = k2[C][D]

[C][D]/ [A][B] = k1/k2 = K

K is the equilibrium constant.  For the general reaction 

aA + bB = cC + dD

K = [C]c[D]d/[A]a[B]b
and K, as we have already seen, is related to Gibbs free energy by the relationship:

(rG - (rG(  =  RT ln K

However, “K” in the latter equation is a quotient of effective thermodynamic concentrations, which don’t necessarily represent the measured concentrations; in the case of gases we would refer to effective thermodynamic pressures.  The effective thermodynamic concentration and pressure are referred to as activity (a) and fugacity (f ), respectively where

ai   = mi(i  or Xi(i and fi  = Pi(I
mi is molality (aqueous solutions), Xi is the mole fraction (solids and liquids) and (i and (i are the activity and fugacity coefficients, respectively.  The activities of pure minerals are equal to unity because Xi = 1 and (i  = 1 by definition, and the fugacities of ideal gases are equal to their partial pressures Pi .
Thus

K = aCcaDd/aAaaBb
or

ln K = c ln aC + d lnaD – a lnaA – b lnaB
i.e.,

ln K = ni Σ ln aI
CHEMICAL POTENTIAL

In order to determine the directions of chemical change in a system we use the concept of chemical potential (μ) which a measure of the tendency or otherwise of material to flow or react.  Imagine a system containing a single component CaCO3 and two phases calcite and aragonite.  The chemical potential refers to the component and thus (μCaCO3)aragonite (μCaCO3)calcite are the chemical potentials of CaCO3 in aragonite and calcite, respectively.  These two phases are related by the reaction:

Aragonite → Calcite

From the manner in which this reaction is written (the conventional form) , we can conclude that ΔμCaCO3  > 0 in the stability field of aragonite, < 0 in the field of calcite and = 0 on the equilibrium boundary.

Chemical potential is related to Gibbs free energy by the equation:

G = ((ini

Chemical potential is thus equivalent to the partial molar Gibbs free energy.  In a one component system involving a single phase.

G = (
but 

G - G(  =  RT ln K

therefore

( - (o = RT ln K

or

( - (o = RT ln a

more generally

(rμ- (rμ(  = RT niΣln ai
OPEN SYSTEMS

As noted above

G = ((ini

dG = ((idnI + (ni d(i
but 

dG = -SdT + VdP

In other words G is a function not only of P and T but also of the composition of the system

G = F(T, P, nI (i = 1, 2, 3….))

((G/(ni)P,T,nj = (i
dG = -SdT + PdV + ((idnI
thus

((idnI + (ni d(i = -SdT + PdV + ((idnI

                        0 = SdT - PdV + (nid(i 
(Gibbs –Duhem equation)

