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Activity and the Systematic

Treatment of Equilibrium
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Introduction

Ionic and hydrated radii:

• Ions and molecules in solution are surrounded by an organized 

sheath of solvent molecules. Water binds to cations through 

the oxygen atom.

• Smaller, more highly charged ions bind more water molecules 

and behave as larger species in solution. 

• The activity of aqueous ions is related to the size of the 

hydrated species.
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Introduction

• Consider the following equilibrium reaction:

Fe3+ + SCN- ⇄ Fe(SCN)2+

• The concentration quotient K decreases if you add the “inert” 

salt KNO3 to the solution. 

• That is, the equilibrium “constant” is not really constant.  Why 

does this occur?

]][SCN[Fe

][Fe(SCN)
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Solutions 

same

Add inert salt KNO3

Fe3+ + SCN- ⇄ Fe(SCN)2+

(red)
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8-1:The Effect of Ionic Strength on 

Solubility of Salts

• Adding ions (in the form of KNO3) increases the ionic 

strength of the solution.  This in turn increases the charge 

on the ionic atmosphere. 

• The ionic atmosphere attenuates (decreases) the 

attraction between the Ca2+ and SO4
2-, thus increasing the 

solubility.

CaSO4(s) ⇄ Ca2+ + SO4
2-

• Adding an “inert” salt (KNO3) to a sparingly soluble salt 

(CaSO4) increases the solubility of the sparingly soluble 

salts.
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8-1:The Effect of Ionic Strength on Solubility of Salts

The ionic atmosphere:  

• Region of net positive or negative charge around an anion 

or cation in a solution.

– In a solution containing an inert salt, an anion is 

surrounded by excess cations and a cation is 

surrounded by excess anions.

– The greater the ionic strength of a solution, the higher 

the charge in the ionic atmosphere. 

– The net attraction between the cation with its ionic 

atmosphere and the anion with its ionic atmosphere is 

smaller than it would be between pure cation and anion 

in the absence of ionic atmospheres. 8



• An inert salt such as 

KNO3 affects the ionic 

atmosphere.

• In the solution, the cation

is surrounded by the NO3
-

ions (d-), and the anion is 

surrounded by the K+ ions 

(d+).

• The net result is a 

decrease of the attractive 

forces between the cation

and anion pair.

• Increasing ionic strength 

promotes dissociation into 

ions. 9



8-1:The Effect of Ionic Strength on Solubility of Salts

Ionic strength: μ is a measure of the total concentration of 

ions in solution.

µ = 
1

2
(c1 𝑧1

2 + 𝑐2 𝑧2
2 + 𝑐3𝑧3

2 …..)

All ions in the solution

c = concentration of ion

z = charge on ion

The more highly charged an ion, the more it is counted.
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8-1:The Effect of Ionic Strength on Solubility of Salts

11



8-2: Activity Coefficients

• The activity of species C is its concentration multiplied by its 

activity coefficient, g. 

𝑎𝑐 = 𝐶 g𝑐

• The activity coefficient measures the deviation of behavior 

from ideality (i.e., 𝑎𝑐 = 𝐶 ) or g𝑐= 1). 

• Activity is a dimensionless quantity.

– If C is a solute means [C]/(1 M) 

– If C is a gas means (pressure of C in bars)/(1 bar)

– Activity of a pure solid or liquid is, by definition, unity.

• Activities must be used when incorporating ionic strength 

effects on equilibrium calculations.
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• Write the equilibrium constant expression using 

activities.  This is known as the 

thermodynamic equilibrium constant.

CaSO4(s)⇄ Ca2+ +  SO4
2-

   2
4

2 SOCasp  aaK
aCa2+ = [Ca2+] gCa2+

aSO4
2- = [SO4

2-] gSO4
2-

Ksp = ([Ca2+] gCa2+ )([SO4
2-] gSO4

2-)

8-2: Activity Coefficients
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Write the thermodynamic equilibrium 

constant expression:

2H2O ⇄ H3O
+ +  OH-

gH3O
+ = 0.83

gOH- = 0.76

  ][OHγ]O[Hγ
OH3OHW

3


K

]OH][OH[
10x0.1

3

OHOH
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8-2: Activity Coefficients

• Effect of Ionic Strength, Ion Charge, and Ion Size on the 

Activity Coefficient over the range of ionic strengths from 0 

to 0.1 M, the effect of each variable on activity coefficients 

is as follows:

Figure 8-4
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8-2: Activity Coefficients

Finding activity coefficients:

1) Calculate using the Debye-Hückel equation 

2) Look up in table (see Table 8-1)

3) Interpolate from Table 8-1
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8-2: Activity Coefficients
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8-2: Activity Coefficients
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8-2: Activity Coefficients

• The ionic atmosphere model leads to the extended Debye-

Hückel equation, relating activity coefficients to ionic 

strength:

• Works fairly well for μ <  0.1 M

• Approaches unity at low ionic strengths

• High ionic strength makes g smaller



















305
α

μ

μ

1

51.0
log

2z
xg

α is  hydration radius in pm

μ is ionic strength in M

z is the charge on the ion

(α is  found in Table 8-1.)
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8-2: Activity Coefficients

Calculate the activity coefficient for the hydronium ion, H+, in a 

solution that is 0.1 M in NaCl.

The ionic strength (calculated) is 0.1 M; a = 900 pm (Table 8-4).

933.1

16.0
log 812

Hg =  -0.0834

g H = 0.83



















305
α

μ

μ

1

51.0
log

2z
xg





















305

0.1

0.1
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8-2: Activity Coefficients

Interpolation from Table 8-1

x value y value

10 0.67

16 ?

20 0.83
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8-2: Activity Coefficients

Activity coefficients

Figure 8-4
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8-2: Activity Coefficients

Activity coefficients

1) As μ ↑, g ↓ (Figure 8-4). The activity coefficient (g) 

approaches unity as the ionic strength (μ) approaches 0.

2) As the magnitude of the charge of the ion increases, the 

departure of its activity coefficient from unity increases. 

Activity corrections are more important for ions with a 

charge of ±3 than for ions with a charge of ± 1 (Figure 

8-4).

3) The smaller the ion size (a), the more important activity 

effects become. 23



8-2: Activity Coefficients

Activity coefficients of nonionic compounds:

• Neutral molecules: such as benzene and acetic acid, have 

no ionic atmosphere because they have no charge. 

• To a good approximation, their activity coefficients are unity 

when the ionic strength is less than 0.1 M.

• The activity of a neutral molecule will be assumed to be 
equal to its concentration.
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8-2:  Activity Coefficients

Ksp = [Hg2
2+][Cl−]2 = 1.2 x 10−18, 

g  0.660 , 0.899 for Hg2
2+ and Cl-, respectively (Table 8-1). 
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8-3:  pH Revisited

• When we measure pH with a pH meter, we are attempting 

to measure the negative logarithm of the hydrogen ion 

activity, not its concentration.

• pH = -Log (aH+)

• pH = -Log [H+] gH+
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8-4: Systematic Treatment of Equilibrium

• The systematic treatment of equilibrium is a way to deal 

with all types of chemical equilibria, regardless of their 

complexity. 

• After setting up general equations, we often introduce 

specific conditions or judicious approximations that allow 

simplification.

• Write as many independent algebraic equations as there 

are unknowns (species) in the problem. 

• Equations are generated by writing all the chemical 

equilibrium conditions plus two more: the balances of 

charge and of mass. 

• There is only one charge balance in a given system, but 

there could be several mass balances. 27



7-4: Systematic Treatment of Equilibrium

Step1: write the pertinent reactions

Step 2: write the charge balance equation (only one!)

Step 3: write mass balance equations.  There maybe more than 

one 

Step 4: write the equilibrium constant expression for each 

chemical reaction.  This step is the only one in which activity 

coefficients appear 

Step 5: count the equations and the unknowns.  There should 

be as many equations as unknowns (chemical species).  If not, 

you must either find more equations or fix some concentrations 

at known values

Step 6: solve for all unknowns
28



8-4: Systematic Treatment of Equilibrium

• Charge Balance: An algebraic statement of electroneutrality: 

The sum of the positive charges in solution equals the sum of 
the negative charges in solution.

∑(+) charges = ∑(–)charges

Multiply concentrations by charge

[H+] and [OH-] always present

2 x [Ca2+] = total positive charge

Write the charge balance for an aqueous CaCl2 solution

2 [Ca2+] + [H+] = [OH-] + [Cl-] 29



8-4: Systematic Treatment of Equilibrium
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8-4: Systematic Treatment of Equilibrium

• Mass Balance: also called the material balance, 

is a statement of the conservation of matter. 

• The mass balance states that the quantity of 
all species in a solution containing a particular 
atom (or group of atoms) must equal the amount 
of that atom (or group) delivered to the solution.
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Mass balance relate the total mass of a species in terms of 

others and the formal concentration.

Write the mass balance for a 0.1 M Na2S solution.

Na2S  2Na+ + S2-

We will also have:

S2- + H2O  HS- + OH-

HS- + H2O  H2S + OH-

[Na+] = 2[S2-]total

0.1 M = [S2-]total = [S2-] + [HS-] +[H2S]

8-4: Systematic Treatment of Equilibrium
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8-5: Applying the Systematic Treatment of 

Equilibrium

• In the systematic treatment of equilibrium, write pertinent 

equilibrium expressions, as well as the charge and mass

balances.

• Be sure that you have as many equations as unknowns and 

then solve for the concentrations by using algebra with 

approximations or spreadsheets with the Solver routine. 

• For Solver, we estimate (number of unknowns) – (number of 

equilibria) initial pC values and then let Solver find the pC

values (and ionic strength) that minimize the sum of squares 

of the charge and mass balances. The ionic strength value is 

a byproduct of the optimization. 
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8-5: Applying the Systematic Treatment of Equilibrium

Find the concentrations of species in an aqueous solution 

containing 0.0100 mol NH3 in 1.000 L.  Ignore activities.

Ignore has the value 1.0 3 10214 at 

258C. Given that KNH3 5 1.8 3 

1025 for the reaction

PK
b = -log Kb = 4.755 PKw = -log Kw = 14.00

Kb = 10-PK
b = 10-4.755 Kw = 10-PKw = 10-14.00
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8-5: Applying the Systematic Treatment of 

Equilibrium
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8-5: Applying the Systematic Treatment of 

Equilibrium

Starting with the charge balance:

Substitute for OH- using Kw / [H
+]:

Solve for  [NH4
+]:

But the mass balance is:

Replace [NH4
+] with Kw/[H+] – [H+]:

Use Goal Seek to solve for [H+]:
36



8-5: Applying the Systematic Treatment of Equilibrium

Using reaction 8-13, Kb, and Kw values, and assuming [NH3] >> [OH-] at equilibrium,

we can calculate [H+] to be 7.54 x 10-12 M, and pH = 10.62. use 10.60 in cell B7 

instead of 9.
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8-5: Applying the Systematic Treatment of Equilibrium
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7-5: Applying the Systematic Treatment of Equilibrium

Now what ?

• Approximate: In basic solutions, the concentration of OH- is 

much larger than the H+ concentration so you can neglect 

[H+]

Kb = [OH-]2/0.01 – [OH-]  quadratic equation 

• Solve for [OH-] 

• Evaluate the other unknowns 
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