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Phase diagrams of multicomponent systems 

Summary of Lecture 5 
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Phase diagrams of multicomponent systems 

P,T 
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Electrolytic solutions and Electrochemistry 

Lecture 6 

This is partly a recap from Thermodynamics 

( https://dullenslab.com/wp-content/uploads/2022/12/Lecture6_thermo.pdf?action=purge ) 
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https://dullenslab.com/wp-content/uploads/2022/12/Lecture6_thermo.pdf?action=purge
https://dullenslab.com/wp-content/uploads/2022/12/Lecture6_thermo.pdf?action=purge
https://dullenslab.com/wp-content/uploads/2022/12/Lecture6_thermo.pdf?action=purge
https://dullenslab.com/wp-content/uploads/2022/12/Lecture6_thermo.pdf?action=purge
https://dullenslab.com/wp-content/uploads/2022/12/Lecture6_thermo.pdf?action=purge
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Chemical reaction equilibria: general 
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Chemical reaction equilibria: general 
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Electrolytes (ions): Electrochemistry 
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Chemical reaction equilibria: dissolution 

Aqueous dissolution of paracetamol 
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i.e. solid in equilibrium with saturated solution ‘=’ solubility 
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Chemical reaction equilibria: dissolution 
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Chemical reaction equilibria: dissolution 
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Cf. Exercise 16 (where we dropped superscript *): 
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Assuming ideal solution, so      
BB xa 
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Activity (liquid) mixtures of neutral components 
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γi : activity coefficient 

(still T dependent) 
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Activity ai 
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Regular solution example: 

iiiiiiii RTRTxRTaRT  lnlnlnln
ideal**



(L-L separation exercise 17) 
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Activity (liquid) mixtures of neutral components 

 



Regular solution example: 
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

(L-L separation exercise 17) 

(See also Exercise A6d  

Additional exercises I) 
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Activity (liquid) mixtures of neutral components 
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Mole 

fraction ( )  

V

n

V

i
c i

i 
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solvent  mass
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i 
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 solute mol#

Molarity 
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Molality 

(mol/kg)  
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Activity as an effective concentration 

Chemical reaction equilibria: general 

Standard state Θ 
(still T dependent) 
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
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Chemical reaction equilibria: electrolytes 
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Chemical reaction equilibria: electrochemistry 

Electrochemical cells: basic example 

)bar1,(H 2 g

)(H aq


)(OH 2 l
)(OH 2 l

Pt 

E + - 

)(CuCl 2 aq

)s(Cu2)(Cu
_2



eaq

(Reduction halfreaction) 

)(H
2

1
)(H 2

_
geaq 



(Reduction halfreaction) 

(aq)Cu)(HCu(s))(2H
2

2


 gaq

(Total cell reaction) 

→ Where is the equilibrium? 
 In which direction will  the reaction run spontaneously? 

(Note: the equation is overall charge neutral) 
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Chemical reaction equilibria: electrochemistry 

E
q
u
ili

b
ri
u
m

 s
ta

te
 

Energy minimum 

T,P 0r  G

0r  G

Reaction progression   ξ 0 1 

ξeq 

0r  G

Voltage E represents a  

‘driving force’ like ΔrG 

Ideal volt meter has an infinitely 

large internal resistance 

measures E with zero current 

)bar1,(H 2 g

)(H aq


)(OH 2 l
)(OH 2 l

Pt 

E + - 

)(CuCl 2 aq
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KRTG lnr 




 
i

imfir GG ,

QRTGG rr ln


Equilibrium: 

Relation between E and ΔrG 

Chemical reaction equilibria: electrochemistry 

Voltage E represents a  

‘driving force’ like ΔrG 

)bar1,(H 2 g

)(H aq


)(OH 2 l
)(OH 2 l

Pt 

E + - 

)(CuCl 2 aq
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KRTG lnr 




 
i

imfir GG ,

QRTGG rr ln


FEGr 

Chemical reaction equilibria: electrochemistry 

Equilibrium: 

Voltage E represents a  

‘driving force’ like ΔrG 

Relation between E and ΔrG 

)bar1,(H 2 g

)(H aq


)(OH 2 l
)(OH 2 l

Pt 

E + - 

)(CuCl 2 aq
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Chemical reaction equilibria: electrochemistry 

FEGr 

KRTG lnr 


QRTGG rr ln


Equilibrium: 

K
F

RT
E ln







  FEGG

i

imfir  ,

Q
F

RT
EE ln






Equilibrium: 

F

G
E r






Number of electrons transferred 

 in chemical equation 

Faraday constant 

(charge of 1 mole of electrons) 

Standard Gibbs free energy of formation 

Exercise 22 



)bar1,(H 2 g

)(H aq

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E + - 

)(CuCl 2 aq
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Chemical reaction equilibria: electrochemistry 

QRTGG rr ln
 Q
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EE ln


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Energy minimum 

T,P 0r  G

0r  G

Reaction progression   ξ 0 1 

ξeq 

0r  G

0r  G

0r  G

0r  G

reaction 

0E

0E

0E

FEGr 
Nernst equation 

(equilibrium) 
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Chemical reaction equilibria: electrochemistry 

Q
F

RT
EE ln





Nernst equation 

Nernst also holds for half reactions: 


i

i
iaQ



with 

)(Cu

Cu(s)

u/Cuu/Cu
2

22 ln
2
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CC a

a

F

RT
EE



 


Note: reduction half 

reaction 

2
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)g(H

)g(H/H2)g(H/H2

2

22

ln
2
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a

a

F
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

 


)s(Cu2)(Cu
_2



eaq

)(H2)(2H 2

_
geaq 


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Chemical reaction equilibria: electrochemistry 

- 

Nernst also holds for half reactions 

)s(Cu2)(Cu
_2



eaq

)(H2)(2H 2

_
geaq 



(aq)Cu)(HCu(s))(2H
2

2


 gaq
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Chemical reaction equilibria: electrochemistry 

Nernst also holds for half reactions 

(aq)Cu)(HCu(s))(2H
2

2


 gaq

- 
)(Cu

Cu(s)

u/Cuu/Cu
2

22 ln
2
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a
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RT
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 
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2

)(H

)g(H

)g(H/H2)g(H/H2

2
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2
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a

a

F
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EE



 























)(Cu

Cu(s)

2

)(H

)g(H

Cu/CuH/H2celltotal

2

2

2
2

lnln
2

aqaq
a

a

a

a

F

RT
EEE

Reduction half reactions as in the tables 
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Chemical reaction equilibria: electrochemistry 

Nernst also holds for half reactions 

(aq)Cu)(HCu(s))(2H
2

2


 gaq






















)(Cu

Cu(s)

2

)(H

)g(H

Cu/CuH/H2celltotal

2

2

2
2

lnln
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a
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a
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Cu(s)

2

)(H

)(Cu)g(H

Cu/CuH/H2celltotal

2
2

2
2

ln
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F

RT
EEE

aq

aq





 


2

)(H

)(Cu)g(H

Cu/CuH/H2celltotal

2
2

2
2

ln
2

aq

aq

a

aa

F

RT
EEE





 


1Cu(s) a
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Chemical reaction equilibria: electrochemistry 

)(Fe5)O(H4)(Mn)(Fe5)(H8)(MnO
3

2

22

4 aqlaqaqaqaq



























5

F

8

HMnO

5

Fe

4

OHMn

Fe/FeMn/MnOcelltotal

2-
4

3
2

2

232-
4

ln
5

e
aaa

aaa

F

RT
EEE

Standard electrochemical potentials of 

redox couples are in tables as 

reduction half reactions 

Electrochemical cells: another example 

 - sign as we need a reduction and an oxidation half reaction 

)(electrons 5
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Chemical reaction equilibria: ions in solution 

THG all0
Hm,fHm,f 




Standard 

thermodynamic 

data 
 

(@ 298K) 

 

(Ed.11: Table 2C.7) 


  FEGG

i

imfir  ,



Standard 

electrochemical 

potentials EΘ 

of redox 

couples 

 

(@ 298K) 

alphabetical 

order 

(Ed.11:  

     Table 6D.1b) 

for all T(aq) 

27 
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Chemical reaction equilibria: electrochemistry 

TG allfor0
)aq(Hf 




TE allfor0
2H/2H





Standard hydrogen electrode 
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Chemical reaction equilibria: electrochemistry 

)(H2)(2H 2 geaq 


0ln
2F

RT
-ln

2F

RT
-EE

2

H

)(H

2

H

)(H

)(H/2H)(H/2H

22

22








a

a

a

a gg

gg

  )(

H

1010

H

10
logHloglogpH

c
a  

 

TG allfor0
)aq(Hf 




TE allfor0
2H/2H





Standard hydrogen electrode: 1and
H)(H 2

 


aPP g
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Mole 

fraction ( )  

V

n

V

i
c i

i 
solution  volume

 solute mol#

m

n

m

i
b i

i 
solvent  mass

 solute mol#

n

ni
x i

i 
solutionin  mol # total

 solute mol#

Molarity 

(mol/L) 

Molality 

(mol/kg)  

i

x

ii xa
)(

iii aRT ln





c

c
a ic

ii

)( mol/L1


c




b

b
a ib

ii

)( mol/kg1


b

Activity as an effective concentration 

Chemical reaction equilibria: general 

Standard state Θ 
(still T dependent) 


 PP

1


ia and pure 

1ix

mol/L1


ic

mol/kg1


ib

even for 

ions! 
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Chemical reaction equilibria: electrolytes 

Activity coefficients in electrolytic solutions 



-z
XMXM qp

z

qp




   qpG qp )XM(m

chemical potential of 

the dissolved salt 

32 

example 

)(Cl2)(Fe)(FeCl
-2

2 aqaqs 


1p
2z

2q
1z

Activity coefficients solutes electrolytic solutions 

example 

       aqaqs
-2

4

3

342 SO3Fe2SOFe 


2p
3z

3q
2z

If solubility is 3sand2s -2
4

3
SOFe

 bb
3)SO(Fe 42

s (mol/kg) then  



-z
XMXM qp

z

qp




   ln
ideal

RT    ln
ideal

RT

   qpG qp )XM(m

33 

Activity coefficients solutes electrolytic solutions 

)lnlnlnln(
ideal**

iiiiiiii RTRTxRTaRT  

chemical potential of 

the dissolved salt 



-z
XMXM qp

z

qp




   ln
ideal

RT    ln
ideal

RT

   qpG qp )XM(m

ideal

-

idealideal  qp  
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Activity coefficients solutes electrolytic solutions 

)lnlnlnln(
ideal**

iiiiiiii RTRTxRTaRT  

chemical potential of 

the dissolved salt 

It is impossible to determine (measure)    and     individually  
 



-z
XMXM qp

z

qp




   ln
ideal

RT    ln
ideal

RT

   qpG qp )XM(m

-

ideal
lnln  qRTpRTqp  
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Real solution: 

Activity coefficients solutes electrolytic solutions 

qp
RT   ln

ideal

chemical potential of 

the dissolved salt 

ideal

-

idealideal  qp  

It is impossible to determine (measure)    and     individually  
 



-z
XMXM qp

z

qp




   ln
ideal

RT    ln
ideal

RT

   qpG qp )XM(m

ideal

-

idealideal  qp  
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qp
RT   ln

ideal

Activity coefficients solutes electrolytic solutions 

chemical potential of 

the dissolved salt 



   ln
ideal

RT    ln
ideal

RT

ideal

-

idealideal  qp  

 qp

i
qp

RT

qpqp









 


 ln

ideal
average chemical 

potential per ion 

37 

   qpG qp )XM(m

-z
XMXM qp

z

qp




(The solution has to be charge neutral)  

qp
RT   ln

ideal

Activity coefficients solutes electrolytic solutions 

(i labels any of the ions)  

chemical potential of 

the dissolved salt 



  qps
sqp




  ; 
/1

   ln
ideal

RTii

average chemical 

potential per ion 
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Mean activity coefficient 

   qpG qp )XM(m

-z
XMXM qp

z

qp




 qp

i
qp

RT

qpqp









 


 ln

ideal

qp
RT   ln

ideal

   ln
ideal

RT    ln
ideal

RT

ideal

-

idealideal  qp  

Activity coefficients solutes electrolytic solutions 

chemical potential of 

the dissolved salt 



Mean activity coefficient: Debye-Hückel 

  qps
sqp




  ; 
/1



39 

Mean activity coefficient 

 -z
XMXM qp

z

qp 


  ln
ideal

RTii

(ions i of a dissolved salt) 

Because of the sensitivity of γi of the ions we will use molality bi  

m

n

m

i
b i

i 
solvent  mass

 solute mol#Molality 

(mol/kg)  



b

b
a ib

ii

)( mol/kg1


b



Debye-Hückel: 
2/1

log AIzz




  qps
sqp




  ; 
/1



  ln
ideal

RTii

2/1

333

A

3

2)10ln(4












TR

b

N

F
A






b

b
zI i

i

i

2

2

1

40 

Mean activity coefficient 

Ionic strength 

A = 0.509 for H2O @ 298 K 

Mean activity coefficient: Debye-Hückel 

(sum over all ions in solution) 

(ions i of a dissolved salt) 

(limiting law) 



2/1
log AIzz





b

b
zI i

i

i

2

2

1

41 

  qps
sqp




  ; 
/1



  ln
ideal

RTii

Mean activity coefficient 

Debye-Hückel: 

Ionic strength 

Example )(Cl5)(Fe)(Fe)(FeCl)(FeCl
-32

32 aqaqaqss 

























b

b
z

b

b
z

b

b
z

b

b
zI i

i

i

Cl2

Cl

Fe2

Fe

Fe2

Fe

2 3

3

2

2

2

1

2

1

Activity coefficients solutes electrolytic solutions 
















b

b

b

b

b

b

b

b
zI i

i

i

ClFeFe2
194

2

1

2

1 32

Sum over all ions in the solution 
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Activity coefficients solutes electrolytic solutions 
















b

b

b

b

b

b

b

b
zI i

i

i

ClFeFe2
194

2

1

2

1 32

mol/kg)(1

mol/kg)(ii b

b

b



relative molality 

2/1
log AIzz





b

b
zI i

i

i

2

2

1   qps
sqp




  ; 
/1



  ln
ideal

RTii

Mean activity coefficient 

Debye-Hückel: 

Ionic strength 

Example )(Cl5)(Fe)(Fe)(FeCl)(FeCl
-32

32 aqaqaqss 

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Activity coefficients solutes electrolytic solutions 
















b

b

b

b

b

b

b

b
zI i

i

i

ClFeFe2
194

2

1

2

1 32

IAIA 212log 2FeCl
 IA3log 3FeCl



2/1
log AIzz





b

b
zI i

i

i

2

2

1   qps
sqp




  ; 
/1



  ln
ideal

RTii

Mean activity coefficient 

Debye-Hückel: 

Ionic strength 

Example )(Cl5)(Fe)(Fe)(FeCl)(FeCl
-32

32 aqaqaqss 

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Activity coefficients solutes electrolytic solutions 
















b

b

b

b

b

b

b

b
zI i

i

i

ClFeFe2
194

2

1

2

1 32

Exercise 23-25 

IAIA 212log 2FeCl
 IA3log 3FeCl



2/1
log AIzz





b

b
zI i

i

i

2

2

1   qps
sqp




  ; 
/1



  ln
ideal

RTii

Mean activity coefficient 

Debye-Hückel: 

Ionic strength 

Example )(Cl5)(Fe)(Fe)(FeCl)(FeCl
-32

32 aqaqaqss 




2/1
log AIzz





b

b
zI i

i

i

2

2

1
CI

BI

IzzA







 2/1

2/1

1
log 

extended Debye-Hückel: 

45 

6 mmol/kg 

Activity coefficients solutes electrolytic solutions 



2/1
log AIzz





b

b
zI i

i

i

2

2

1
CI

BI

IzzA







 2/1

2/1

1
log 

extended Debye-Hückel: 

46 

6 mmol/kg 

Activity coefficients solutes electrolytic solutions 

Ideal solution 

iii xRT ln
*ideal
 



2/1
log AIzz





b

b
zI i

i

i

2

2

1

47 

Activity coefficients solutes electrolytic solutions 

10log   

  ln
ideal

RTii

6 mmol/kg 



2/1
log AIzz





b

b
zI i

i

i

2

2

1

48 

Activity coefficients solutes electrolytic solutions 

10log   

  lnln
*

RTxRT iii

iii xRT ln
*ideal
 

Ideal mixing entropy term 

Lowers μi even more 

due to the electrostatic 

attraction and repulsion 

6 mmol/kg 
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Chemical reaction equilibria: dissolution 

  (aq)PO2)aq(Ca3)s(POCa
-3

4

2

243 


Aqueous dissolution of (sparingly soluble) salts 

(Note: the equation is overall charge neutral) 

KRTQRTG lnln
eqr




 
5

2

)aq(PO

3

)aq(Ca
2

2

)aq(PO

3

3

)aq(Ca

POCa

2

)aq(PO

3

)aq(Ca

eq
)(1

)()(

)s(

-3
4

2

-3
4

2

243

-3
4

2






















 

b

bbb

b

b

b

a

aa
aK

i

i
i

23)O(H kg

)()(POCa mol )aq(PO)aq(Ca

2

243
3
4

2 













 bb

l

aq
sSolubility s of the salt: 

5

23

)(

)2()3(



b

ss
K )mol/kg(

108

5/1










 b

K
s

(as a molality) 

assume ideal solution: 1
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  (aq)PO2)aq(Ca3)s(POCa
-3

4

2

243 


(Note: the equation is overall charge neutral) 

KRTQRTG lnln eqr 


)mol/kg(
108

5/1
K

s 
RT

G
K




 rln


  m),s()(POCam,POm,Cam,r

243
-3

4
2 23 GGGGG fffif

i

i

6.186)7.3884()7.1018(2)58.553(3r 


G
kJ/mol 

@ 298 K 

33r 1099.1exp













 


RT

G
K 7

1013.1


s
mol/kg 

@ 298 K 

Chemical reaction equilibria: dissolution 

Aqueous dissolution of (sparingly soluble) salts 

No exp. value 
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(aq)Cl)aq(Ag)s(AgCl
-




(Note: the equation is overall charge neutral) 

KRTQRTG lnln
eqr




2

ClAg2ClAg

AgCl(s)

ClAg

eq
)(1













 

b

bbaa

a

aa
aK

i

i
i 



)aq(Cl)aq(Ag

2 )O(H kg

)(AgCl mol
 













bb

l

s
sSolubility s of the salt: 

2

22

)(



b

s
K


)mol/kg(

2/1





 b
K

s


(as a molality) 

Chemical reaction equilibria: dissolution 

Aqueous dissolution of (sparingly soluble) salts 

Another 

example 
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(Note: the equation is overall charge neutral) 

KRTQRTG lnln eqr 


RT

G
K




 rln


  m),s(AgClm,Clm,Agm,r - GGGGG fffif

i

i

68.55)8.109()23.131(11.77r 


G
kJ/mol 

@ 298 K 

10r 1074.1exp













 


RT

G
K 5

103.1


s
mol/kg 

@ 298 K 

Chemical reaction equilibria: dissolution 

Aqueous dissolution of (sparingly soluble) salts 

(aq)Cl)aq(Ag)s(AgCl
-




)mol/kg(
2/1

Ks 

Exercise 24 

assume: 1
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-Common ion effect 

-Increase in solubility due to ionic strength 

Chemical reaction equilibria: dissolution 

Aqueous dissolution of (sparingly soluble) salts 

Add a well-soluble salt to the sparingly soluble salt solution 

  sI solubility Exercise 24 

Add a well-soluble salt with an ion j common to the original salt 

  sbI j solubilitybut,

(Le Chatelier’s principle) Exercise 25 
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Mean activity coefficient: Debye-Hückel 

Only in case you are interested in the background of the 

Debye-Huckel theory (not necessary for the exam) 

https://learninglink.oup.com/access/pchem12e-

student-resources#tag_a-deeper-look 

https://learninglink.oup.com/access/pchem12e-student-resources
https://learninglink.oup.com/access/pchem12e-student-resources
https://learninglink.oup.com/access/pchem12e-student-resources
https://learninglink.oup.com/access/pchem12e-student-resources
https://learninglink.oup.com/access/pchem12e-student-resources
https://learninglink.oup.com/access/pchem12e-student-resources
https://learninglink.oup.com/access/pchem12e-student-resources
https://learninglink.oup.com/access/pchem12e-student-resources
https://learninglink.oup.com/access/pchem12e-student-resources
https://learninglink.oup.com/access/pchem12e-student-resources


  qps
sqp




   
/1




  lnlnln

ideal
sRTqRTpRTw

e

sRT

weln

1) Work to charge all ions starting from an ideal solution with all (uncharged) ions 

already in their ideal solution positions is : 

iq

56 

Mean activity coefficient: Debye-Hückel 

Choose a central ion i  with 
charge qi in the solution 



)(

)( 2

D
r

rΦ
r

j

i






r

q
r i

i

1

4
)(






 )(
)(

2 r
rΦ 

2) Ionic atmosphere (all other charges qj) will screen the charge of the central ion : 











D

exp
1

4
)(

r

r

r

q
rΦ i

i


Poisson: 

)(
d

d

d

d1
)(

2

2

2
rΦ

r
r

rr
rΦr 










iq
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Mean activity coefficient: Debye-Hückel 

jq
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
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4
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




 )(
)(

2 r
rΦ 

2) Ionic atmosphere (all other charges qj) will screen the charge of the central ion : 











D

exp
1

4
)(

r

r

r

q
rΦ i

i


Poisson: 

)(
d

d

d

d1
)(

2

2

2
rΦ

r
r

rr
rΦr 









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Mean activity coefficient: Debye-Hückel 

Dr
iq

jq



 
RT

rΦF
zczcr i

je

)( 
)(

2

2

,

2

,,  











D

2

exp
1

4 r

r

r

ezz
eΦzE

ji

ijj


 kTeΦz
c

c
ij

j
/exp 



3) Use Boltzmann distribution to determine ion distribution in the bulk solution: 

Energy of ion j: 

 
kT

eΦz
kTeΦz

ij

ij  1/exp

Boltzmann: 

Charge density ion j: 

iq
jq

FzceNzc jjjjje  A,

Mean activity coefficient: Debye-Hückel 
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 
RT

rΦF
zczcr i

je
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)(

2

2

,

2

,.  

3) Use ion distribution to find Debye screening length: 

sjj bc Mass density solvent 




b

b
zI i

ii

2

2

1

:s

Ionic strength 

2/1

2D
2 
















IbF

RT
r

s



)(

)(2

D
r

rΦ
r

j

i




Poisson 

Debye screening length 
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Mean activity coefficient: Debye-Hückel 
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3) Use ion distribution to find Debye screening length: 

sjj bc Mass density solvent 




b

b
zI i

ii

2

2

1

:s

Ionic strength 

2/1

2D
2 
















IbF

RT
r

s



)(

)(2

D
r

rΦ
r

j

i




Poisson 

Debye screening length 
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Mean activity coefficient: Debye-Hückel 

iq
jq



 













r

rrez
rΦrΦrΦ i

i

1

r

/exp

4
)()()( D

atm


4) Determine work to charge central ion in presence of the ionic atmosphere potential: 

qΦwe d)0(d atm

D

atm
4

)0(
r

q
Φ




DA

22

,
8 rN

Fz
w i

ie



62 

Mean activity coefficient: Debye-Hückel 



5) Collect all results and include charging of all ions in we : 

2/1
log AIzz




2/1

333

A

3

2)10ln(4












TR

b

N

F
A






b

b
zI i

i

i

2

2

1

sRT

qwpw ee 






,,
ln 

DA

22

,
8 rN

Fz
w i

ie




2/1

2D
2 
















IbF

RT
r

s



63 

Mean activity coefficient: Debye-Hückel 

A = 0.509 for H2O @ 298 K 


