
Electrical Conductivity and  

Interionic Interactions 
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The Concept of Electrolyte Conductivity, G 

Ions of charge ze0, accelerated by the electric field strength, E, are subject to a 

frictional force, KR.  When this two forces become equal: 

and 

For an electrolyte containing anions and cations with total charge z+e0 and z-e0: 

The mobility u:       u ≡ vmax/|E|  =  ze0/6r   and  vmax  = u /|E| 
 

Now replacing vmax , we get for  current I:  

 

The magnitude of the electric field, |E|=V/l:       I = G V 

 

where G is termed conductance and is given by:    
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Does Ionic Conduction Obey Ohm’s Law? 

Where Ohm’s Law is …. V = IR  
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-once past ED then ion conduction follows Ohm’s Law  

Cell voltage,  Ec 
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Direct Current (DC) measurements 

Electrode Reactions 

Cell Reaction Cell reaction voltage > ED 

• Cell voltage < ED no electrode reactions 

 

• Cell voltage > ED reactions occur and cell 

follows Ohm’s Law  
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Alternating Current (AC) measurements 
-at high AC frequencies each CD  is a short so Re can be measured 
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Summary AC versus DC methods 



Ionic Conductivity ( kI )  Measurements (p18) 

Wheatstone bridge circuit for the measurement 

of electrolyte resistance:  null detection is by an 

amplifier and oscilloscope. 

Different types of cell for the measurement of electrolyte solutions 

conductivity: (a) conductivity cell for precision measurements with 

built-in thermometer: (b) cell with variable inter-electrode separation, 

(c) immersion cell for rapid laboratory measurements. 

Knowing that the conductivity ( kI ) is connected to the conductance G: 
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Table 2.1 Conductivities of different solvents and electrolytes, molten salts metals and solid 

electrolytes (From Landolt – Bornstein, Numerical Values and Fundtions, II 7, Springer-Verlag , 1960)  
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Effect of concentration on Ionic Conductivity 

Strong electrolyte  

• contain completely dissociated ions 

• show linear dependence with concentration in dilute solutions 

• at high concentration (> 1 to 2 Molar) concentration, 

conductivity rises less rapidly with concentration due to 

inter ionic interactions 

dilute 

concentrated 
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Molar Conductivity ,  

Kohlrausch’s Law 

 

 

 

To track effects of concentration on conductivity then the conductivity, I (in 

units of 1/Ohm-cm)   is normalized to concentration and a new term arises the 

molar conductivity,  (in units of 1/Ohm-mole-cm2) . 

o is molar conductivity at infinite dilution 

c is concentration 

co is standard concentration (1 Molar) 

 



11 

Transport Number, t (p28) 

Total ionic current,  i,  the sum of the positive ion current, i+, 

and minus ion current, i-.  

The transport number of the positive ions is  

The transport number of the negative ions is  
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Hittorf Apparatus  for measuring transport number 

t0
- 
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Why does ionic current flow? Ions flow in response to an electromotive force.  

Example: Spontaneous current in H2 / O2 PEM Fuel Cell 

- ion conductor surrounded by two electrodes 

 

- dissimilar feeds at the identical electrodes 

(hydrogen at anode, oxygen at cathode) 

spontaneously generate dissimilar electrode 

potentials whose difference is  E0
C - E0

A  

 

-  the difference of these spontaneous  potentials is 

E0
C - E0

A  is a spontaneous fuel cell voltage V0
FC 

   Fuel Cell Reaction:     H2   +  ½ O2 
                        H2O + G0 

Anode Reaction:     H2              2 H+ + 2 e-  

  Cathode Reaction:     ½ O2 + 2 e-  + 2 H+       H2O 

V0
FC  = E0

c – E0
a = 1.23 V 

Eo
c  = 1.23 V 

Eo
a  = 0 V 

_
+

H2
(H2  2H+ + 2 e-)

Air 
(1/2 O2 + 2 e- + 2H+  H20)

2e
-

Pt-catalyzed

Anode

Cathode 
Pt-catalyzed

Ion conductorIon conductor

H+

Load External Circuit

• A spontaneous current, i,  is generated in an ion conductor in the presence of 

a spontaneous voltage, V0
FC ,   

• The magnitude of the current, i , depends on the resistance, R, of the ion 

conductor, as given by Ohm’s Law,    i  = V0
FC  / R 

ΔG0  =  -nFV0
FC = -230 kJ 

PEM fuel cell 
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- CF2 -  (hydrophobic) phase 

ionic phase 40 Å 

Do transport numbers t+, t - have to be equal? No. 

A real example of transport numbers ( t+, t - ) NOT being equal 

Nafion  is an ion conducting polymer with  
• fixed anions (SO3

- )   so  t -   = 0 

• mobile cations (H+)   so  t +  =1 (all ionic current carried by the proton) 

 Nafion 117 membrane: A hydrated acid 

membrane conducts proton only 

Nafion polymer 

Nafion Polymer: Perfluorocarbon cation exchange polymer 

membrane, shown here in the H+ form. 

In the PEM fuel cell, electrical current is carried by: 

• electrons in the wire to the cathode and  

• protons in the Nafion electrolyte to the cathode. 

Nafion 117 polymer membrane 
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End day 1 – intro  (July 8) 

 

Day 2 – Begin theory (July 10) 

 



Theory of Electrolyte Conductivity 
Debye-Huckel-Onsager Theory of Dilute Electrolytes (p38-46) 

Fig 2.16 Schematic diagram of 

the ionic  atmosphere in solution  

Introduction to the Model: Ionic Cloud, Relaxation and Electrophoretic Effects  

Motion of ions in an electric field 

•  Ions in solution are ordered by attract ion ions of opposite charge and by repulsion 

of ion of like charge while thermal motion randomizes this order resulting in an ion 

being surrounded by an “ionic cloud” as shown in Figure 2.16 

• Application of an electric field will accelerate charges of opposite sign in opposite 

directions 
 

Two effects decelerate the motion of a charge 

• Each moving ion will experience a retarding force from the net opposite charge of 

its ionic cloud, which is migrating in the opposite direction, an effect termed the 

relaxation or asymmetry effect  

• The ions form dipole bonds with solvent (because solvent dipoles stabilize ions)  

so solvent molecule (the solvation sheaths) are moving with the ions. 

    Therefore an ion will experience an additional drag due to an increase of size  

associated with the ion due to its associated solvation sheath; this is termed the 

electrophoretic effect  

div E = ρ / ε0 εr 

How do we calculate the interaction between an ion and a charge cloud?  The ion moves in a field 

created by a density of nearby ions. Equation 2.34 is the fundamental expression relating the field 

strength , E, (in volts per meter) from the charge density, ρ (in C /cubic meter), of the ionic charge 

cloud at r from the ion 

where  ε0  is the permittivity of the vacuum and εr is the permittivity of the ionic solution. 

Eqn 2.34 
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To solve equation 2.34, we start by considering that the div E =  E/x + E/ y + E/ z   and  E = - grad  , then the 

fundamental equation , relating the charge density,   (in units of Coulomb m-3),  to the electric field strength, E (in units 

of V m -1) of the charge cloud , can be re-written in spherical coordinates as equation 2.38, below.,  

Calculating the interaction between ion and its charge cloud (cont.)  

since 

E -the field strength is ≡  / r where… 

 -is the potential  

r - is distance from ion to ionic cloud 

 -is charge density of the charge cloud at r from the ion 

Equation 2.38 has two unknowns ( ,  ), so another relationship is needed to solve it. This is done by 

considering the energy of ion zi eo  in the potential field  and applying the Boltzman equation to find 

the number of ions, ni(r), of charge zi eo  at distance r from the central ion due to thermal effects, 

which leads to the equation 2.41 which is the Poisson-Boltzmann equation: 
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  Σ  (zie0ni
0 / εrε

0) exp -( zie0φ[r] / kBT ) 

i 

- Eqn 2.41  

Equation 2.41 is a non linear differential equation that is difficult to solve and which double 

counts charges, which doubles the potential … which is wrong !! 

 

The Poisson-Boltzmann equation is not useful in general but can be used to generate an 

expression that is valid for dilute ionic solutions. For dilute solutions, the exponential in 

Eqn. 2.41 can be expanded, using the expression that is true for small x, that is,   for  x <<1,  

e-x = ~ (1- x).  
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The expansion of the exponential in the Poisson Boltzmann equation (Eqn. 2.41) 

simplifies the second term in equation 2.41. This simplification leads to an expression  

(equation 2.43) which is an effective solution for the relationship between charge 

density, ρ , and Electric field strength, E, for dilute solutions. This second expression 

is called the linearized Poisson-Boltman equation, shown in equation 2.43, below. 

Calculating the interaction between ion and its charge cloud (cont.)  



equation 2.44 can be written as equation 2.47 below. 

Eqn 2.47 

This equation could be solved  as equation 2.48, below, using the following boundary conditions: 

•      (r)  0 as r   

•  if for ionic radius is a0, and there is no charge inside  r < a0  that is, all charge is on the surface of the ion and then 

the solution must be like 

Calculating the interaction between ion and its charge cloud (cont.)  

   the electric potential,   φc  

The complete solution for the electrical potential at r,  ( r ), is equation 2.50 below: 

Introducing the ionic strength as 







  0

2

2

1

m

m
zI i

i

i and noting that κ2= [ 2e2
0NAρs m

0 / εrε0kBT ] I                     

Eqn 2.48 

Which can be divided into eqn 2.51, the potential due to the central ion, φ0 (r) = z0e0/4πε rε0r  

and eqn 2.52, the potential due to the ionic cloud   φc(r) = z0e0/4πε rε0r {(eκa
0  / 1+ κa0 ) e

-κr -1 } 

Eqn 2.50  



20 

yields eqn 2.53,  the solution for the charge density ( r ) is equation 2.53: 

Equation 2.53 is an expression that tells the charge density of the ionic cloud that forms 

around an ion in solution.  This gives the total charge q(r) in a spherical shell over 

distance r from a central ion. Shell thickness, dr, is 4 πr2  ρ(r) dr   const r e–κr. 

Differentiation of this expression for q(r) has a max when r = rc = 1/ κ which is called 

the Debye length. 

Linearizing equation 2.40 

Σ  (zie0ni
0 / εrε

0) exp -(zie0φ[r] / kBT) 
i 

ρ(r) =  - Eqn 2.40  

Eqn 2.53  

Calculating the interaction between ion and its charge cloud (cont.)  

   the charge density ( r ) 



The value of k (units inverse length) is of considerable importance in electrolyte solution theory.  

Its inverse, k -1, is usually referred to as the Debye screening length (also called ionic cloud 

radius), since at distances greater than k-1 from the central ion, the electrostatic effect due 

to that ion becomes very small.  It turns out that for ambient conditions: 
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Debye screening length (1/k) 

Ionic cloud radius /10 -10 m   

Table 2.5 Radius of  ionic cloud in aqueous solution at 25oC for different electrolyte types & concentrations: 
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Debye-Onsager Equation for Conductivity p44 

Not covered in detail (see pp. 44-45 of textbook for more). 
 

The Debye-Onsager equation is a refinement of Debye-Huckel 

theory which attempts to take into account mainly the additional 

effects of :  

i. Concentration of ions 

ii. Viscosity of electrolyte solution 

iii. Degree of dissociation, . Of the ions in the electrolyte  

 

However, like D-H theory, the D-O equation is only accurate for 

fairly dilute solutions (concentrations << 0.1M). 
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Next time …  

 

i. End chapter 2 

ii. Begin reading chapter 3 
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i. Activities p. 46 

ii. Weak Electrolytes and Oswald dilution law  p.61 

iii. The Concept of pH and the Idea of Buffer Solutions (p64) 

Some effects of interionic interactions 



The Concept of Activity  

from the Electrochemical Viewpoint (p46) 

o

i
ii
m

m
a 

The central ion reactivity will be hindered by the ionic cloud. There is an energy term E 

representing the work to detach the central ion from its cloud. This term is higher at higher 

concentration, as the density of the ionic cloud rises. 

To describe accurately the thermodynamic properties of more concentrated electrolytes, a  

correction for the concentration, called activity(a) is introduced, as follows: 

where  is the activity coefficient and  ≡ (I) 

At infinite dilution, ionic strength (I) goes to 0; there are no interionic interactions, so  =1  









  0

2

2

1

m

m
zI i

i

irecall mi is molality  

m0 is standard molality (1 mol/kg electrolyte) 
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In summary: 
• For no interionic interactions, so  =1, a

i
 = m

i
   since mo =1 

• For interionic interactions,            <1, a
i
 < m

i
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• Single ion is not capable of separate existence and a single ion activity, a
+
 or a

-
 

and activity coefficient  + or  - are not accessible. 

 

• So for the anions and cations in solution, a mean activity, a, and a mean  activity 

coefficient,  are defined. For a 1—1 electrolyte: 

Mean activity, a± , and activity coefficient, ±  



Calculation of the Concentration Dependence  

of the Activity Coefficient  (p48) 

For the chemical potential of the ion, i, with its associated cloud, i
real we have:  

For an real system where activity applies instead of a concentration: 
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• mi is molality  

• m0 is standard molality (1 mol/kg electrolyte) 

• o†  is chemical potential of i at m0 with no ion-ion interactions 

2.69 

2.70 

2.71 

2.72 

A central ion in an ionic cloud is more stable than a central ion alone, so energy must be liberated 

for the central ion to leave the ionic cloud.  

• i
real  is the chemical potential for the ion in the cloud and  

• i
ideal is the chemical potential for the ion in the absence of the cloud and  

• U is the potential energy when the ion associates with the cloud. 



For very dilute solutions  

where the radius of the ionic cloud k-1>>a0 ( the ion diameter) 

then a0k<<1 and knowing that  k2(2e0
2rsLm0/r0kBT)I  (eqn 2.46) gives: 

Comparing 2.71 and 2.73 then we obtain: 

For water as the  solvent, A = 1.172, which yields a relationship 

between mean  activity coefficient,  , and ionic strength, I, namely: 

…  the standard form of the so called Debye-Huckel limiting law (p49).  
28 

Equation 2-77 

From the expression for potential of the ionic cloud (eqn. 2.52), we find  that the 

associated potential energy, U, for an ion, i, with a radius, a0, is: 

where  A is a constant  

depending only on the solvent 
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Table 2.10  Tabulated values of calculated and experimental results for mean 

activity coefficients for different electrolytes and concentrations at 25C 

Recall slide 21: 

 

• No interionic interactions,  
so  =1, a

i
 = m

i
   since mo =1 

 

• Interionic interactions,           
   <1, a

i
 < m

i
   

Conclusion: at higher concentrations of salt,  activity coefficient goes down, 

and there are therefore less ions available in solution 
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Equation 2-77 

Fig 2.17 Theoretical variation of the activity coefficient  with I from 

equation (2.78) and experimental results for 1-1 electrolytes at 250C  

Graph of calculated and experimental results for mean activity 

coefficients for different electrolytes and concentrations at 25C 



Activity Coefficients in Concentrated Electrolytes  

and Activity Coefficients of Neutral Molecules (p58) 

When the radius times the Debye length ( the term a0k ) cannot be neglected we 

modify the Debye-Huckel limiting law   (eqn. 2.77)  good to 0.001 M 
 

 

 

 

Leading to the expression  (eqn. 2.81) for activity coefficient of concentrated 

electrolytes: 
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Skip solvent-solvent and ion-solvent interactions p51-57 

which takes into account the size of the central ion but NOT the 

surrounding ions and is good to ~ 0.1M 

2.77 

2.81 
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1) Hitchcock empirical additive correction gives eqn. 2.82 

2) Robinson-Stokes bulk solvent correction yields eqn. 2.83 

Failure of 2.81 for more concentrated solutions of ions 

Activity coefficient ± 
can be > 1   

at very high concentrations  

Fig 2.20 Variation of activity coefficients in concentrated solutions 

c 

eqn. 2.82 

eqn. 2.83 

2 other theories for ±  good to ~ 1 to 2 M 



The Properties of Weak Electrolytes 
Ostwald Dilution Law (p61) 

Weak electrolytes can be described by the introduction of an equilibrium constant, K,  

that relates the splitting  of the parent molecule into its constituent ions: 

R-COOH + H20  R-COO- + H30
+ 

Where k d and k r are the dissociation and recombination rate constants and Ci   is 

concentration of species i.  At equilibrium we have: 

kdCHACH20 - krCA-CH30+ = 0  

Switching to molalities and incorporating the molality of water into kd: 

'3

m

r

d

HA

OHA
K

k

k

m

mm




The acid dissociation constant, Ka , is defined as : 
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kd 

kr 

Eqn. 2.88 



From Ka   Km   
2

+ so  Ka is approximately equal to Km  at low concentrations assuming  HA =1, 

so we have then the molality form of the acid dissociation constant which is written as a 

dimensionless quotient: 
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Weak Electrolytes (cont.) 

In which mi is molality  and m0 is standard molality (1 mol/kg electrolyte) 

and  Ka is approximately equal to Km  and both are good to about 0.01M.  

Eqn 2.89 
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Ostwald was the first to introduce the degree of dissociation,  , to clarify the connection 

between the equilibrium properties of weak electrolytes and the electrical conductivities of 

their solutions.  

mmm
OHA

 
3

mmHA )1( 

then by substituting these values of m into the dissociation equation we obtain Km: 

If  << 1 we get:  

Degree of dissociation 

Eqn. 2.93 

Eqn. 2.91 

HA+ H20  A - + H30
+ 

kd 

kr 

For  

and the dissociation equation 2.89 

and 

which follow from equations 2.11 and  2.12, since they tell that  =  / C  
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Effect of Degree of Dissociation on Conductivity 

As solution is more concentrated in acetic acid, 

• the dissociation constant does not change  

• but the plus and minus ions associate,  

• so there are less ions in solution  

• and therefore the conductivity decreases  ! 



The Concept of pH and the Idea of Buffer Solutions 
(p64) …  revisited in section 3.6.6 conventional pH scale 

Sorensen defined pH as the negative of the base-10 logarithm of the proton concentration 

Introducing the activity instead of the concentration gives a general definition of pH: 

The water dissociation could be expressed as follows: 

For the product of water it is known: 
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Transforming the product of water equation we get: 

Eqn. 2.96 

where          is ionic product of water 1.01 x 10 -14 at  mo = 1 mol kg -1 and 25C. 

Eqn. 2.97 

Eqn. 2.98 

Eqn. 2.99 



Buffer solutions are electrolyte solutions whose pH is very stable to either dilution  

or the addition of small quantities of acid or base.  Composition:   

WEAK ACID  +  DISSOCIATED SALT WITH THE ACID ANION 

If the molality of HA and A- are close to or greater than the molality of the acid 

or base being added, then the activity of H3O
+ can be written as follows: 

After applying a negative logarithm: 
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Buffers 

Ka 

Note:  

assume  HA =1 

since A- is assumed constant and msalt/macid = 1 

so pH is stable and is close to the value of pKa  

if added acid or base is less than m  

0 
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End of Chapter 2  

 

pp. 67 – 74 are applications that are specific examples 

of general discussion already covered 

 

Section 2.8 Non-aqueous solutions 

Section 2.9 Applications of Conductivity Measurements 
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Next time … 

 

i. Brief Quiz on Chapters 1 and 2 

ii. Begin Chapter 3 


