The Chemical Potential and
Open Systems

(Lecture 9)

1st semester, 2021
Advanced Thermodynamics (M2794.007900)
Song, Han Ho

(*) Some materials in this lecture note are borrowed from the textbook of Ashley H. Carter.

%8' MECHEt
W& e zzas




The Chemical Potential and Open Systems

The Chemical Potential

> For open systems, we need to include the change of mass (or mole) in

our fundamental equation of thermodynamics!

U=U(S,V,n) P
—dU = [a—Uj ds +(8—Uj dVi(a—U) dn
aS V.,n 8V S.n \\ a”l S,V/I
—dU =T1dS — PdV + udn - ’\Chemical potential!

For multiple components,

dU =TdS—PdV +) H,dn, where i, = (2(]}
/=1 SV.ni (#n;)
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The Chemical Potential and Open Systems

The Chemical Potential

> Gibbs’ definition
« If to any homogeneous mass in a state of hydrostatic stress we suppose
an infinitesimal quantity of any substance to be added, the mass
remaining homogeneous and its entropy and volume remaining
unchanged, the increase of the energy of the mass divided by the quantity
of the substance added is the potential for that substance in the mass
considered.
> Particles tend to move from areas of higher chemical potential to lower
chemical potential
« The difference (or gradient) in chemical potential = driving force!
 Diffusions, Reactions, Phase changes, ...
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The Chemical Potential and Open Systems

The Chemical Potential

> The chemical potential is associated with intermolecular forces!

As new particle approaches its neighbor,

1. It gains kinetic energy while losing potential energy.

2. Kinetic energy is dissipated through collisions with other particles.
3. The system gains internal energy in the process!

E=K+V(r)
(where E :total E, K :kinetic E, V' :potential E)
Set arbitrarily, £ =0 at r =

Then, by energy conservation, \\Ef -
|
E=0=K+V(ry) or K=-V(r) ~u .
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The Chemical Potential and Open Systems

The Chemical Potential — Osmosis (Example)

> For osmosis process, chemical potential drives the water through
membrane!

Initially,
ﬁHzO,Leﬁ (T,P)> ﬁHZO,Right (T, P, XHZO,Right)

_— Osmotic pressure

At equilibrium (at constant T), / g el
from H,0

Hu.0,Lef (T,P)= H 11,0, Right (T,P +H9xH20,Right) -

supply

Semipermeable
membrane

For an ideal solution,
ﬁi(T,P) :gi(T,P) :gi(T,P)

I

Partial molal property Molar property Low Higher

salt (ion) salt(ion)
concentration concentration

— D source: wikipedia.or
= 8 H,0,Right (I',P+I1)+RT In X 1,0, Right ( o




The Chemical Potential and Open Systems

The Chemical Potential

> Let’s derive Gibbs-Duhem equation!
Using Euler’s theorem for homogeneous functions,

A (x,y,z)= f(Ax, Ay, Az) (f :homogeneous function)

Differentiating by 1,

o o o
=Xyt
! x@x y@y Z@z
Similarly, U=U(S,V,n,..n,) : homogeneous function
e.g. 2U=U(25,2V,2n,..2n )
Then, U:S(G_Uj +V(8—Uj +i”' ou
oS Vny oV Sy J=1 ! an/ SV.n

=ST-PV+) n,u,
j=1




The Chemical Potential and Open Systems

The Chemical Potential

> Continue on. U=ST-PV+> ni,
j=1
Here, Gibbs function (G) is given by, \
G=an§j :U—ST+PV:ZnJ./7j or i,=g,
Jj=1 j=1

Differentiating the internal energy (U),

%=%+SdT—W—VdP+Z¢:J/ﬁJ +> ndi,
Jj=1 Jj=1

SdT —VdP+) n.du, =0
j=1

Gibbs-Duhem equation
Relationship between changes in “intensive” properties!




The Chemical Potential and Open Systems

The Chemical Potential

> Continue on.
Differentiating the Gibbs function (G),
G=>Yngu,; or dG=) dn i, +) ndi,

1

m
j:] J:l j:

At constant temperature and pressure,

Then, .
(dG)T,P = Zﬁjdnj

J=1

The final equation is quite useful in many interesting processes in nature!




The Chemical Potential and Open Systems

Phase Equilibrium

> Let’s find the equilibrium condition for two subsystems having two
phases of the same substance. Particles are exchanged through the
phase boundary.

n,+n, =n=const (conservation of mass)

V,+V, =V =const (conservation of volume)

U,+U, =U =const (conservation of energy)

Phase B: Ty, Pg, Vg, Ug, ng \,\ bg’hr?;aer
N n— | | —bou y

b1 il R KL G i R e SRR R
i L A KRR E RN
% A S T AR N

S, +S, =S5 (maximum at equilibrium)

dU,=T,dS,—PdV,+1i,dn, or dS, = Ti(dUA +PdV,— i, dn,)

A

in the same way, dS, = TL(dUB +P,dV, — lydn,)

B

For an isolated system, dS=dS , +dS, =20
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The Chemical Potential and Open Systems
Phase Equilibrium

> Continue on. dS:dSA+dSB:Ti(dUA+PAdVA—ﬁAdnA)+Ti(dUB+PBdVB—ﬁBdnB)zo

A B

Here, dn,=—dn,, dV,=-dV,, dU, =-dU

Then, dS=dS,+dS, = (i —L]dUA +(i —ﬁ)dn —(& —@jdnA >0
A TB A TB

Before the equilibrium is achieved,

if T, >T,,thendU , <0 (heat flow from A to B)
AtT, =T;,if P, > P,,thendV >0 (volumeexpansion of A)

AtT,=T,,1f u, > u,,thendn, <0 (mass flow from A to B)
At equilibrium,

T, =T, (thermal equilibrium)
P, = P, (mechanical equilibrium)

U, =l (chemical equilibrium)
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The Chemical Potential and Open Systems

Chemical Reactions

> Let’s find the equilibrium condition for chemical reaction.
Consider the following chemical reaction at constant T and P.
2H,+0, —>2H,0 or 0—»>2H,0-2H,-0,
which can be expressed in,

0—> Zv M . (v :stoichiometric coeff., M :species)
j=1

where v, =-2, v, =-1, v, ,=2

Then, the change in the number of moles by the reaction is given by,

dny dn, dny,=v, vV, Vy,==2:-1:42

At chemical equilibrium at fixed T and P,

dG),, =Y mdn,=0 - > pu,v,=0
J=1 j=1

Finally, - =77 7] Yom, +x
y 20y o201,y ~H,=0 or uH20=5(2ﬂH2+ﬂoz)




The Chemical Potential and Open Systems

Mixing Processes

> Let’s consider mixing of two ideal gases at constant T and P(=P,).
To evaluate the changes in Gibbs function and entropy during mixing,

dS:cPd%—Rd?P — s=c,InT—RInP+s, (constc,)

dh=c,dT — h=c,T+h, (constc,)
g=h-Ts=c,T—c,TInT+RTInP—-Ts,+hy=RT(InP+¢(T))

Then, the total Gibbs energy in initial state,
G =ng,+ng,, =nRT(InP+¢)+n,RT(InP+¢,)
For final state,

Gf =n, R T(ln Pl + ¢1) +n, R T(ln P2 + ¢2) initial state i final state f
where, P =xP ny ny n=n +n
P, =x,P (Dalton's law) T’P/' I,pP TP =P + Py
diaphragm (diaphragm removed)
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The Chemical Potential and Open Systems

Mixing Processes

> Continue on.
Then, the change in Gibbs energy is given by,

AG=G, -G, =nRT(InF+¢)+n,RT(In P, +¢,)—nRT(In P+ ¢ ) —n,RT(In P+ ¢,)

= anTln(%j + nZRTln(%J = RT(n1 Inx,+n, Inx, )= nRT(x, Inx,+x, Inx, )

For the change in entropy,

dG =—SdT +VdP — S:—(a—GJ 5 AS:_(_‘?(AG)]
oT ), orT ),

AS = —nR(x1 Inx, +x, lnx2) (always positive)

For the case of ny = n,,

AS:—nR(%ln%+%ln%):ann2

What if you are mixing the same kinds of ideal gases? - Gibbs paradox!
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