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l Overview
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l Chemical Mixture _

The internal energy of closed system without change in chemical composition
(recapitulation):

au oUu
U(s,v) dU = 3s) ds + 7). dv dU = TdS — pdV
\ fundamental thermodynamic
state variables total differential relation

The internal energy of closed system with change in chemical composition needs an

extension:
oUu oUu
UGS, V,n) dU = ds + dv + z dn,
as ). on;
1\ n; i SVnj£n;
total differential
composition of chemical
mixture, molar amounts <5U>
= Ui
on; SV.nj#n;

chemical potential
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lChemicaI Mixture, cont._

fundamental thermodynamic relations  (total) chemical potential

au
dU =TdS — pdV + z Uidn; (ﬁ) = Wi
i Y/ svmjEn; '
not convenient
The Legendre transform provides other fundamental relations: J szllsrjc?r?tne(:\?fo;?/
oH condition
dH = TdS +Vdp + ) pdn, - -
[ nl S,p,nthni
dA = —SdT —pdV + ) pdn, (0_A> .
t ani T,V n;#n;
dG = —SdT +Vdp + ) pdn, (6_G> .
. _ — Hi
y on; T, p.nj#N;

/

equivalent definitions of (total) chemical potential
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lTotaI Chemical Potential

The abstract definition of chemical potential given previously, total change in free energy
per extra mole of substance, is more specifically called total chemical potential.

If two locations have different total chemical potentials for a species, some of it may be
due to potentials associated with "external" force fields (electric potential energy,
gravitational potential energy, etc.), while the rest would be due to "internal" factors
(density, temperature, etc.).

Therefore, the total chemical potential can be split into internal chemical potential and
external chemical potential:

G
Ui = a_nl = Wiint T Uiext
T,pnj#n;

the external potential is the sum of electric potential,
gravitational potential, etc.

In this course, we will consider only internal chemical potential.

https://en.wikipedia.org/wiki/Chemical_potential
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l Chemical Potential

In thermodynamics, the chemical potential of a species is the energy that can be absorbed
or released due to a change of the particle number of the given species, e.g., in a chemical

reaction or phase transition.
G
nul - anl
T)pnj*n;

Chemical potential expresses the effort of the substance:
* to react with another substance
* to change its status
* to change its spatial distribution

Value of chemical potential:
* is related to the very nature of the substance
* is related to the environment (temperature, pressure, concentration, ...)
* however, it is not related to the nature of the substances with which it reacts or is
transformed to
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l Chemical Potential of Idea_

Consider the closed system with one component behaving as an ideal gas:

dG = —%T + Vdp pV = nRT
N

At constant temperature, the Gibbs energy change is:

dG = Vdp

Consider the pressure change (p® — p), then the Gib¥s energy change is:

_ 0 Y _ 0 " nRT _ 0 p
G=G"+ | Vdp=G" + dp = G” + nRTIn—;
0 o P D

p p

Finally, differentiating with respect to molar amount, the following expression for the
chemical potential is obtained:

on on
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l Ideal and Real Gas Mixtur

Ideal gas: Real gas:

Pi
Wi = H +RTlnp—l W = U +RTln£—l

f - fugacity - effective pressure of the gas

substance
Unification of two situations:

ui = u + RTIn(a;)

a - activity of substance

In chemical thermodynamics, an activity is a measure of the "effective concentration/
pressure" of a species in a mixture, in the sense that the species' chemical potential
depends on the activity of a real solution in the same way that it would depend on
concentration for an ideal solution.
Hi—H; :uz a. = f; ~ pi
a=e &7 p P
l

https://en.wikipedia.org/wiki/Thermodynamic_activity
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l Ideal and Real Solution

The chemical potential for a substance in ideal and real solutions can be described similarly
as gas mixtures:

Wi = p; + RTin(a;)

However, the activity is now expressed by concentrations:

a, =7,

/

activity coefficient An activity coefficient is a factor used in thermodynamics to
account for deviations from ideal behavior in a mixture of
chemical substances.

C C

https://en.wikipedia.org/wiki/Activity coefficient
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l Pure Liquids and Solids

The pure liquids and solids have the chemical potential, which is a constant at constant
temperature and pressure:

Ui =li?

Then, the activity of pure solids and liquids is one.
a; =1 In(1) =0

ui = + RTIn(a;)

wi =p+0

Solvent in an ideal diluted solution can be approximated as a pure liquid. Thus, the solvent
has activity one.
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l Reference State

» To work with the chemical potential, we need to define the reference state.
» The choice of the reference state is arbitrary.

» But once selected, it must be the same for all compounds considered in the reaction
mixture or phase transition.

IUPAC recommends a conventional set of reference states, which are called standard states
for general use.

Standard state (IUPAC):
p°® =100 kPa

0 — -3 —
ViC; c® =1moldm3=1M

fi
Ui =I? + RTlnp—g Ui :f) + RTIn 0
? ?

we need some suitable choice of zero to properly reference all compounds.
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lStandard Chemical Pote

Standard chemical potential is the change in Gibbs energy that is associated with the
formation of one mole of compound in the standard state.

The change of the Gibbs energy is most often expressed in the form of the standard
formation Gibbs energies.

luio — AGO,i

Standard formation Gibbs energy is the change of Gibbs energy that corresponds to the
formation of one mole of matter from chemical elements in the standard state.

Chemical elements in the standard state have zero formation Gibbs energy (this is the
definition of the reference state).

Standard state (IUPAC):
p® =100 kPa

c® =1moldm3=1M

https://en.wikipedia.org/wiki/Standard_state
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lSummary

\4

The chemical potential is the property of the compound.

\4

It express the ability of the compound to react with another substance, to change its
status, or to change its spatial distribution.

» The standard chemical potential is the change in the Gibbs energy that is associated
with the formation of one mole of compound in the standard state.

» At different conditions, the chemical potential is proportional to the standard chemical
potential and the activity of the compound.

» The activity then express an effective amount in comparison to the standard state.

Wi = p; + RTin(a;)
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