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                                             Chapter 6: Cation Exchange Reactions 
 
I. Diffuse Double Layer 
      

A. Boundary between charged colloid and solution ions. 

 

 

Since clay particles have charge, usually negative charge, either through 

isomorphic substitution or pH-induced dissociation of functional groups of organic 

matter or hydrous oxides, counter ions (for negatively charged surface counter ions 

are cations, or positive ions) are attracted by the charged surface and accumulated 

close to the charged surface. This phenomenon has the same principle as an electric 

plate condenser (or capacitor). That’s why it is given the name electric double layer, 

or double layer, for short. 

According to this diagram of the double layer, a clear cut boundary is established, 

and if you draw conc. of the counter ions as a function of distance from the charged 

surface, you would get a graph like this (B). Concentration is high and constant 

with respect to the distance where x < x1 , then x > x1, for example, concentration 

suddenly drops to near zero. This condition happens in electric plate condensor’s 
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but does not really happen in the soil double layer. In soils, the boundary between 2 

layers is not clear-cut. The actual distribution of cations in the liquid phase changes 

gradually from a high concentration near the charged surface to a considerably 

lower concentration in the bulk solution. If you draw a diagram of concentration as 

a function of distance from the charged surface, it looks like this (D). Such a 

distribution is referred to as the diffuse double layer. 

When people are talking about the diffuse double layer, you often hear the terms: 

Helmholtz layer and stern model. 

 
B. Helmholtz double layer. 
 

A proposed model for the distribution of cations in solution such that a layer of 

cations balancing the negative charge of colloid is located immediately adjacent to 

the colloid surface. This model is not very realistic for soils but is easy to handle 

mathematically. 

C. Stern model 

Stern model is a modification of the diffuse double layer in which some of the 

cations are regarded as strongly sorbed to specific colloid exchange sites. The 

remaining cations form a diffuse double layer around the particles of reduced 

charge density. 
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D. Thickness of the double layer 
     

 
It is sometimes convenient to think of the “thickness” of the double layer, 

although the layer is so diffuse that this distance cannot be defined precisely. 

In this figure, d is the thickness of the diffuse double layer. As you can see, these 

thicknesses are very small (less than 10 nm) as compared to the dimension of soil 

pore (1-5 µm) . If you notice, you see that thickness of the double layer… 

1.) decreases with increasing electrolyte concentration 

2.) decreases with increasing ion valence. 

 

The cations within the double layer that neutralize the negative charge of colloid 

surface are called exchangeable cations. 

 

II. Properties of cation exchange reactions 

A. Reversibility of cation exchange reactions 

In general, cation exchange reactions are reversible unless some special reactions 

also occur. These special reactions (exceptions) are: 
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1.) Preferential bonding by organic matter to trace metals. 

For example, Cu can be held so tightly by O.M. through covalent bonds that it 

disappears from the soil solution.  

2.) Cation fixation 

     e.g. K+ or NH4
+ is fixed by vermiculite. 

3.) Steric hindrance 

     Organic ions/molecules, e.g., some pesticide molecules that are physically too 

big to approach exchange sites. 

 

B. Stoichiometry 

Stoichiometry means the exchange of one equivalent of a cation for one 

equivalent of another cation. 

 Mg 2+ +   Soil-K2  ç=è 2K+ + Soil-Mg    

Here 1 mole (or 2 equivalents) of Mg 2+ is replacing 2 moles or 2 equivalents of 

K+ in the exchange sites. 

 
C. Reaction rate 

Exchange reactions are very rapid. They themselves occur instantaneously. The 

rate limiting step is often the diffusion step of ions to and from the colloid surface. 

This diffusion step may take several minutes or hours. This situation is especially 

true for soils with low water content such as under field water conditions. 

(unsaturated condition) 

 

D. Mass action principle 

1.) Replacement by high concentration 

Since cation exchange reactions are reversible, they can be driven forward or 

backward by manipulating the relative concentration of reactants and products. 

Ex: Ca-X + 2Na+ (high conc.)             (Na)2 –X + Ca 2+ (low conc.) 

 
K = (Ca 2+) (Na2

-- X) =   (Ca 2+)  * (Na2
—X) 

          (Na+)2   (Ca--X)         (Na+)2     (Ca--X) 
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2.) Replacement by forming precipitates 
 

Ca -X+ Na2CO3               (Na)2
-X +  CaCO3 (precipitate) 

 
This reaction will be driven completely to the right because CaCO3 as a product 
is precipitated out of solution. 
 

3.) Replacement by forming volatile gas 
 
NH4 -X+ NaOH               Na-X+ NH4OH               Na -X+ H2O + NH3 (g) 
 
NH3 is lost as a gas, therefore the reaction is shifted completely to the right 

and all exchangeable NH4
+ are replaced by Na+. 

 
E. Valence Dilution 
 

Dilution of the equilibrium solution favors the retention of higher valent cations. 
 
Ex: Ca-X+ 2NH4

+             (NH4)2
-X+ Ca 2+ 

 
K = (NH4)2

-X   *    Ca 2+                  (NH4)2
- X  =   K   *        (NH4

+)2 

           Ca-X            (NH4
+)2                 Ca- X                           Ca 2+               

                                    
Ex: 1st. situation: NH4

+ = 1 mM, Ca 2+ = 1 mM è (NH4)2
- X  =   K   *        1   =   K 

      Ca- X                        1 
 

 2nd. situation: NH4
+ = 0.1 mM, Ca 2+ = 0.1 mM  è (NH4)2

- X  =  K *   .01   =  0.1 K 
                   Ca- X                     0.1 

 
The ratio of exch. NH4 to exch. Ca reduces by 10 times, that is, more Ca 2+ will 

stay in exchange sites relative to NH4
+ upon dilution.  

 
F. Complimentary cations (relative replacing power) 
 

Exchange one cation for another in the presence of a third (or complimentary) 

cation becomes easier as the retention strength of the third cation increases. 

 
Ex:  Al 3+  
        and                   On exchangeables, add K+      
       Ca 2+ 
K+ will replace more Ca 2+ than if Al 3+ weren’t there.  

Or, there are 2 soil systems. In one we have.. 
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Al 3+            and in the other we have          Na+ 
Ca 2+                                                             Ca 2+ 

 
on exch. site                                                 on exch. site 
 
When we add NH4

+ as the replacing cation to both systems, NH4
+ will replace 

more Ca 2+ in the Al/Ca system than in the Na/Ca system. The reason for this is that 

Al 3+ has a much stronger retention strength than Na+, therefore, NH4 can replace 

much less Al than it can with Na. Consequently more NH4
+ remains in solution to 

replace Ca 2+ in the Ca-Al soil. 

 

G. Anion effects 

The anion associated with an exchanging cation can affect cation exchange 

reaction by driving the reaction toward completion if the end products are: 

1.) Weakly dissociated 

Ex: liming reaction 

2 H-X + Ca(OH)2            Ca-X+ 2H2O 

Since H2O is a weakly dissociated molecule, this reaction will go completely 

to the right.  

2.) Less soluble 

Al-X + 3/2 Ca(OH)2               Al(OH)3 + 2/3 Ca-X 

3.) More volatile 

Another liming reaction with CaCO3 as liming material.  

 
2 H-X + CaCO3            Ca-X + H2CO3           Ca-X + H2O + CO2 
 

H. Colloid- specific effects 

Soil colloids with high surface-charge density favor the retention of polyvalent 

cations. 

EX: Vermiculite with higher surface-charge density than montmorillonite will 

retain more Ca2+ with respect to Na+ as compared to montmorillonite. 
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III. Cation Exchange Selectivity 
 

1. Coulomb law: 

The attraction of cations for negatively charged surfaces can be qualitatively 

expressed by Coulomb law:  

 
F = K * [q1q2] / d2      
 

where K is a proportionality constant, q1 and q2 are the charges of the two ions, and 

d is the distance between the two ions.  

What this formula says is that the attraction force is proportional to the magnitude 

of charge and inversely proportional to the square of the distance. However, this 

formula does not predict the selectivity or preference of one cation over another of 

the same valence. Such preference can only be explained with cation size. 

 we need to distinguish between 2 types of cation sizes: 

a. crystal radius 

Is the radius of the ion before water association or hydration 

b. hydrated radius 

      Is the radius of the ion including its associated water molecules. 

Usually the 2 types of radus are inversely proportional to each other for ions 

with the same valence. For example, an ion with smaller crystal radius has higher 

charge density per unit volume, therefore this ion will attract more water and its 

hydrated radius is much larger than that of an ion B with larger crystal radius. 

Ions with smaller hydrated radus can get closer to colloid surface and their 

coulombic attraction by the surface is much stronger, consequently the ions are 

retained more tightly by the surface. 

2.) Order of Replaceability 

Within a given valence series, the degree of replaceability of an ion decreases as 

its hydrated radius decreases. This statement means that it is harder to replace a 

cation with a smaller hydrated radius, than one with a larger hydrated radius, and 

the relative replaceability of cations is called lyotropic series. 
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Ex :     Li ~ Na      >    K ~ NH4    >    Rb   >      Cs 

         easy to replace                                                hard to replace 
 

The most important factor in determining the order of replaceability of a given 

ion is its valence. Divalent ions in general are retained more strongly than 

monovalent ions, trivalent ions are retained even more strongly.  

 

Ex:       K+   >          Ca 2+       > Al 3+ 
     easy to replace --à                    hard to replace 
 

3. Selectivity beyond Coulombic forces. 

In addition to electrostatic attraction, some colloids have high preference for 

specific cations, e.g., Mg in vermiculite. The hydrated Mg ion apparently fits so 

well into the water network between parallel sheets of vermiculite that Mg 2+ is 

preferred over Ca 2+ in a wide range of concentrations. 

Another example of abnormally high preference for a particular ion is the 

retention of K+ and NH4
+ by vermiculite and weather mica. Apparently these ions 

have low hydration energy, therefore they are easily dehydrated, become smaller, 

and are retained strongly by mica and vermiculite. 

 

IV. Cation Exchange Equations 

Several exchange equations have been proposed, each has its own advantage and 

disadvantage, and the choice of a particular equation is often based on your 

familiarity with that equation.  

1.) Kerr equation or mass-action equation. 

Ca-X + 2Na+              2Na-X + Ca 2+ 

 

         The reactions coefficient is.... 

 

Kk = (Na-X)2 (Ca 2+)                                       (1) 

         (Ca-X) (Na+)2 
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Here Na-X and Ca-X are exchangeable cations. Ca and Na are ions is solution. 

 

All the terms here are in activity units, even though Kerr originally used 

concentrations in place of activities. And Kk remains fairly constant only over a 

narrow range of concentration. Since activities of exchangeable cations cannot be 

measured or calculated precisely, the above equation is often written as: 

 
(in mmole/g)    (Na-X)2   =   Kk * (Na+)2             (2) 
                         (Ca-X)                 (Ca 2+) 

 
The activities of ions in solution can be estimated from Debye-Huckel theory or by 

specific-ion-electrode measurement. Kk is taken by averaging several values. 

Knowing Kk and the ratio of (Na)2/(Ca2+), the ratio of exchangeable (Na-X)2/(Ca-X) 

can be estimated. Consequently, the relative change of one exchangeable ion over 

another can be predicted as the soil solution composition changes. 

2.) Vanselow equation 

As I mentioned above, Kk is not constant but varies considerably, especially over 

a wide range of exchangeable cation compositions. Vanselow in 1932 propposed 

that if activity of an adsorbed cation on clay was expressed as the mole fraction of 

that cation, then the variation of Kk would be reduced. 

 
Ex:  Activity of [Na-X] =          [Na-X]      .        
                                           [Na-X] + [Ca-X] 
 

        Here, all the units are in mmole/g 
  
  Act. [Ca-X] =         [Ca-X]       . 
                         [Na-X] + [Ca-X] 
 
substituting these values into eq. 2 gives: 
 
       [Na-X]2               .   =   Kv     (Na+)2                        (3) 
[Ca-X][Na-X + Ca-X]                 (Ca 2+)   
 
 For homovalent exchange, the 2 equations are the same; for heterovalent exchange, 

the Vanselow equation differs from the Kerr equation by the factor of [Na-X + Ca-

X]. 
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3.) Gapon equation 
 

The most commonly used equation is the Gapon equation which has a square root 

term: 

(Ca)1/2 – X + Na+                     Na-X + ½ Ca2+ 

 

and  [Na-X]      =    KG       [Na+]                          (4) 

       [Ca1/2X]                      [Ca2+]1/2 

 

Where [NaX] and [Ca1/2X] are exchangeable cation concentrations and in meq/g, 

(or mmol of charge/g) and [Na+], [Ca2+] are solution cation concentrations in 

mmole/liter. 

 

4. An example of using exchange equations. 

Can we predict what happens to a heavy metal when a small amount of it is added 

to soil?  

 

Ex: To 100g soil we add 1micromole of Cd 2+ and this soil initially has 5 mmoles 

of exchangeable Ca 2+.  

 
Ca-X + Cd 2+              Cd-X + Ca 2+ 
 
 
K = (Ca2+)   *   [Cd-X] 
      (Cd 2+)        [Ca-X] 
 
let y = amount of adsorbed Cd 2+ (in mmole/100g) at equilibrium. 
[CaX]  = 5-y 
[CdX]  = y 
(Ca 2+) = y 
(Cd 2+) = 0.001- y 
 
Let’s assume that the affinity for Ca and Cd of this soil is similar, that is K =1. 

Then… 
 
1 =       y        *     y    =             y2        . 
        0.001-y       5-y        (0.001-y) (5-y) 
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or:  y2 = (0.001-y) (5-y)  

      y2 = 0.005- 5y – 0.001y + y2 

           5.001* y  =  0.005 

       y = 0.005 / 5.001 = 0.0009998 mmole  = 0.9998 micromoles 

 

This means that : 99.98% of Cd 2+ will be adsorbed.  
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