
Soil Chemistry Ch. 2 
Chemical Principles As Applied to Soils 

 

I. Chemical units 

 a. Moles and Avogadro’s number  

     The numbers of atoms, ions or molecules are important in chemical reactions because 

the number, rather than mass or volume, will determine the extent of a reaction. The 

basic unit is MOLE. 1 mole = Avogadro’s number (6.023 x 1023) entities. Entities can 

be carbon, iron or water. 

 b. Mass to mole conversion  

     The conversion factor from mole to mass is the gram-atomic or gram-molecular   unit, 

which is the mass in grams of 1 mole of atoms, ions or molecules. For chemical 

purposes, ions have the same mass as their atoms, because the mass of electrons are 

insignificant. The molecular weight is the sum of the atomic weights of the ions or 

atoms in the molecule. 

     For example: 1 mole of C has a mass of 12 grams and contains 6.023x1023 carbon 

atoms.  

           1 mole of O2 gas has a mass of 32 grams and contains 6.023x1023 O2 molecules or 2 

x (6.023 x 1023) = 12.06 x 1023 O atoms. 

           1 mol of H2O has a mass of 18 grams and contains 6.023 x 1023 H2O   molecules. 

 c. Concentrations in liquid solutions  

      Gravimetry or the measuring of the mass of products and reactants is the most accurate 

form of chemical measurement. However, most chemical reactions are carried out in 

solutions that are measured more conveniently by volume. In fact, there are several 

ways of expressing the concentration of a substance in solution. 

1.) in qualitative terms,  

      e.g. dilute, concentrated, saturated, undersaturated, or  oversaturated. 

2.) Mass of solute in mass of solvent 

Ex. 10 mg of NaCl in 1 kg of water or ppm, which stands for part per million. 

Ex. 25 ppm Na in solution is equivalent to 25 mg Na in 1 kg water. 

because 25 mg/1 kg = 25 mg/1,000,000 mg = 25 ppm 
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3.) Molarity: (M)  

The number of moles of solute per liter of solution. 

Molarity is often used for dilute solutions. EX: 1 molar solution of CaCl2 is 

prepared by dissolve 1 mole (or 147g) of CaCl2 * 2 H20 in water and making the 

solution up to 1 liter. 

4.) Molality 

moles per 1000 g of solvent. Since mass, unlike volume, is temperature 

independent; molality is a more exact expression and often used for concentrated 

solutions or solutions at high temperatures. 

5.) Mole fraction 

mole of solute / total moles of (solute + solvent) 

Ex. 1mole of NaCl in 1L of water has a mole fraction of… 

 # moles of water in 1 liter = 1000 g/ 18 g = 55.5 

Thus, 1/(1+55.5) = 1/56.5 

 

You should be able to convert... ppm  molarity or vice versa 

 

Examples: 15 ppm Ca = 15 mg Ca/1 L = 15/40 mmole ca/1 L = 0.375 mM 

 

 

6.) Normality (N) equivalent per liter of solution. Equivalents are the number of 

moles divided by either:  

a. the number of moles of H+ or OH- that react with 1 mole of the substance. 

EX: Ca(OH)2 + 2H+ ==>  Ca 2+ + 2H2O 

 1 M Ca(OH)2 = 2 N Ca(OH)2 

 or 

b. the number of “moles” or Faradays of electrons that one mole of the substance 

accepts or donates. This definition is more applicable to an oxidation-reduction 

(redox) reaction. 
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Ex.  Oxidation reaction of HClO4 in the wet digestion method of plant tissue 

analysis. 

HClO4 + 8 e- + 7H+ <=  Cl- + 4H2O 

 

 1 M  HClO4 = 8 N HClO4 

 

7.) The “p” scale 

Low concentrations are sometimes expressed as negative logarithm of molarity 

or the ‘p’ scale. 

Ex. pH which is –log(H+) Or pH2PO4, pCa which are –log(H2PO4) and –log (Ca 
2+ ), respectively. 

                 In the ‘p’ scale the smaller the concentrations or activities the larger the number.  

                 Ex. [H+] = 10-4 M  pH = 4 

                       [H+] = 10-6 M  pH = 6 

 

 d. Concentrations in gaseous solutions at low pressure (1 atm or less) 

     At low pressure, gases behave almost ideally, and the volume of a gas is independent of       

other gases present. The volume of all gases at 0 0C and 1 atm is 22.4 L/mole 

   Concentrations of a gas are often expressed as: 

1.) partial pressure - which is the ratio of pressure of a gas to total pressure of all 

gases in a mixture, or  

2.) mole fraction – number of moles of a gas / total moles of all gases in a mixture 

at low temp. and gas behaves ideally. partial pressure = (identical to) mole 

fraction 

3.) ppm – partial pressure x 106        

ex. CO2 concentration in the atmosphere has currently a partial pressure of 

0.000381 or 0.000381 x 106 ppm  = 381 ppm. 

4.) % - partial pressure x 102 

for the above example CO2 = 0.000381 = 0.0381% 
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II. S.I. Units – S.I. stands for Le Systeme Internationale d’unites, which is a slight 

modification of the metric units, and has been adapted as the official units in soil science 

publications. 

 

a. Basic Units – there are 7 fundamental units (Table 1.6- pg. 22) which are meter 

(length), kilogram (mass), second (time), ampere (electric current), Kelvin (thermo 

temp), mole (amount of substance), and light intensity.  Several other units can be 

derived from these basic units as you can see in the same Table (Table 1.6- pg. 22), 

such as force, pressure and electrical conductivity. Prefixes should be used for very 

large or small numbers as you can see in the table 1.7 on page 23 

One of the units that is often used in soil chemistry is meq/100g for cation exchange 

capacity expression. 

       

    In the S.I. system  meq/100g =  1 cmol(+)kg-1 = 10 mmolc kg-1 

 

EX: Exchangeable Ca = 4 meq/100g soil  =  4 cmolc kg-1 

 

III. Water and solute interactions 

a. Water structure – H2O molecules are bipolar and form H bonds. Water molecules 

interact strongly with each other as reflected by the high boiling point (100 0C) and 

specific heat of water. The chemically similar H2S molecule boils at – 61oC. The 

main reason for stronger interactions is that H2O is a much more nonlinear molecule 

than H2S. The H+ ions in H2
 O are radially 105 degrees apart. 
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This creates a dipole with a positive end on the H side and a negative end on the O 

side. The electrostatic attraction of the positive end of one water molecule to the 

negative end of another H2O molecule forms a bond called  hydrogen bond. 

 

 

b. Hydrations of Ions – The addition of ions to H2O causes a disruption or breakdown 

of the H2O structure. The charges tend to orient the H2O molecules around the charge 

by attracting the positive and negative ends of H2O dipoles. The association or 

gathering of H2O molecules around the ion is called the hydration of ion. And the 

sphere around the ion, which includes all these associated H2O molecules is termed 

the solvation sphere or solvation shell. The number of water molecules in the 

solvation sphere is called the hydration number (Table 3.1; page 69). Hydration 

number varies with the method of determination. 

 

 

 

c. Heat of Hydration – the heat of hydration, ∆H, is a measure of the disruptive force of 

ion on water structure. Table 3.2 (p.70) lists heat of hydration of several ions. You 

should note that ∆H decreases with increasing ionic size within an atomic family. 
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Ex.     Ion                Radius (oA = 10 -10 m)           ∆H (kJ mole-1) 

          Li+                  0.60                    -506 

         Na+                 0.95                     -397 

          K+                  1.33                    -314 

 

      The reason for this decrease in ∆H with increasing ionic size is that the electrostatic 

force of an ion is spread out over its surface from its nuclear center. If an ion has a larger 

radius, that is, a larger surface area, thus its force density (or force per surface unit) 

becomes smaller. For the same reason, the heat of hydration increases with increasing 

ionic charge. 

 

Ex.   Ion                Charge                   ∆H (kJ mole-1) 

        Na +                  +                           -397 

        Ca 2+               2+                          -1580 

 

In summary :  

- Heat of hydration(∆H) increase with: 

a. decreasing ionic radius (size)   (r) 

b. increasing ionic charge            (z) 

 ∆H (kJ mole-1) ~~ f(z2/r) 

 

    for trivalent ions such as Fe 3+ and Al 3+, the very high heat of hydration supports the 

idea that these 2 ions exist in solution as hydrated species Fe(H2O)6 3+  and Al(H2O)6 3+. 

They’re called hex-aquo-iron (III) and hex-aquo-aluminum. TPSS 43
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Hydrolysis or deprotonation (loss of proton) 

 The large (negative) heat of hydration for trivalent ions implies that they exist as 

Fe(H2O)6 3+  and Al(H2O)6 3+   in solution. Furthermore, the attraction of the central 

cation to water molecules is so strong that the cation’s charge tends to repel the hydrogen 

ions, or protons, of the water molecules.  

 The break down of the O-H bond of water molecules by a polyvalent cation is called 

hydrolysis (the split of water) 

 EX: Al(H2O)6 3+    =  Al(OH)(H2O)5 2+ + H+ 

 The hydrolysis reactions of Al and, to a lesser extent, Fe are responsible for soil acidity. 

 

IV. Solute-solute interactions 

 In solutions, ions interact with one another over varying distances: 

(1) If the distance is > 5 A (0.5 nm; 5 A <d< 20 A), then the electrostatic interactions 

influence the behavior of ions, and activity is used in place of concentration to 

account for this “long range” interaction. 

(2)  If the distance is < 5 A then interacting ions will form complexes or ion pairs. 

Complexes or ion pairs act as if they are single ions. 

 

 Activity (effective concentration) – The short range interaction of ions with water and long 

range (>5A) interactions between ions and ions affect the concentration dependent 

properties (colligative properties) of solutions. Colligative properties include osmotic 

pressure, boiling point elevation, freezing point depression, and the chemical potential. The 

colligative properties, however, are not linear functions of concentration, because solutes 

are often non-ideal.  

     Solutes can be treated as ideal, however, by considering their activity rather than their 

concentration. Activity is defined as: 

   

1.) Definition of activity (a)  

 

a =  γ M  
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Where a is the activity,   γ  is the activity coefficient, and M is concentration in molarity. 

The activity can be regarded as the effective concentration. 

     The activity of a salt is the product of the activities of its ions raised to the appropriate 

powers. 

EX: CaCl2               a (CaCl2) = (a Ca 2+) * (a Cl-)2 

 

Note that the molarity of Cl- is twice that of Ca 2+ 

 

2.) Activity Coefficient 

   a- Ionic strength 

       Activity coefficient is defined such that 

         Limit of γ = 1 (when M approaches 0) 

      That is, as solution becomes more and more dilute, the solute ions interact less and less 

and therefore behave more and more ideally.  

      As you can see on Fig 3.2 (page 75) γ has a value of 0.90 to 0.95 in dilute solutions, 

and it decreases to less than 0.5 in relatively concentrated solutions. Obviously, γ is a 

function of a parameter that includes concentrations and natures of all ions in solution. 

This parameter is called ionic strength, (I), and is defined as: 

 

              I = ½ ∑Mi Zi 2 

    Where Mi is the conc. (molarity) of ion i and Zi is the charge of ion i. 

 

EX:  * Calculate I for a solution of 0.01 M NaCl 

 I = ½ [ (0.01 x (+1)2) + (0.01 x (-1)2)] = 0.01 

 

 * Calculate I for a solution of 0.01 M CaCl2 

 I = ½ [(0.01 x (+2)2) + (0.02 x (-1)2)] =  0.03 

 

 * Calculate I for a solution containing 0.01 M NaCl and 0.01 M CaCl2 

 I = ½ [(0.01 x 12) + [(0.01 x 22) + (0.03 x 12)] = 0.04 
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b- Activity- coefficient Expressions 

      The activity coefficient can sometimes be measured experimentally. For example,  

activities of several common Na salts such as NaCl, NaBr, NaNO3, NaClO4 can be 

determined. From these, the contribution of Na + to the total activity can be 

calculated. However, this kind of work is very tedious and time consuming. 

 

 

*Debye-Huckel  limiting equation 

   In 1924, Debye and Huckel proposed an equation to calculate the activity coefficient of 

an individual ion. They assumed that ions behave like point charges (zero size) that interact 

only electrostatically. 

  log γi = -AZi2 √I 

γi is activity coefficient of ion i; A: a constant, A = 0.511 for aqueous solution at 25oC; 

Zi: ion charge; I is ionic strength. 

 

EX: Calculate γ for Na+ and Cl- in 0.01 M NaCl. 

 γ Na+ = γ Cl- = 0.89 

 log γ Na+ = -0.511 *1*√0.01 = -0.0511 

 log γ Na+ = -1 + 0.9489  γ Na+ = 0.889 

 

EX 2. Calculate γ for Na+ and Cl- in 0.1 M NaCl. =  γ Na+ = 0.689 

 

NOTE: Activity coef. is smaller as conc. of the salt increases. 

 

EX 3.  Calculate γ for Ca 2+ and Cl- in 0.01 M CaCl2 

 I = ½[0.01 * 4 + 0.02*1] = 0.03  √I = 0.17 

 log γ Ca2+ = -0.511 *4*√0.03 = -0.354   γ Ca2+ = 0.44 

 γ Cl- = 0.82 

 

NOTE: at the same ionic strength, activity coefficient of a divalent ion is much smaller 

than that of a monovalent ion. 
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This is called the limiting equation because it only holds for dilute solutions (I < 0.01 M). 

 

* Debye-Huckel extended equation 

For relatively concentrated solutions (0.01 M to 0.1 M) the Debye-Huckel extended form 

should be used: 

 log γi = -AZi2 √I/[1 + Bai√I] 

where B = 0.33 at 25oC for aqueous solutions [if Ai in oA unit] 

          ai = empirical factor represents ion size and its associated water (table 3.4, p 78 lists  

 

ai values for several ions common in soil solutions). In this Debye-Huckel extended 

equation, ai must be in oA units (10-10 m) 

If  ai is not known, then use: 

 

The empirical Davies equation: 

 log γi = -AZi2 {{√I/[1 + √I]} – 0.3I} 

 

c.   Activity of non electrolytes – non electrolytes are uncharged substances, including 

dissolved gases, organic molecules, neutral ion pairs, undissociated weak acids and 

bases.  

            The activity coefficient of non electrolytes can be calculated from 

                           

                           log γ = -km I 

 

km: salting coefficient, has a range from 0.01 to 0.2 for common non electrolytes. 

Under most concentrations of soil solution, it is fairly safe to assume that γ of non 

electrolyte equal 1.  

The name salting coefficient comes from the observation that non electrolytes tend to be 

less soluble at increasing salt concentrations, so that non electrolytes can be “salted out” of 

solution. 
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  Complex ions and ion pairs 

When two separate ions come close together, they may interact so strongly that they 

lose their separate identities by forming complex ions or ion pairs. Look at pages 80-

81 for visual concept. 

 

Complex ion = central cation + one or more ligands to form one sphere, e.g., AlF6 3- 

What is a ligand? A ligand is any ion or molecule in the coordinating sphere of the 

central ion. F- is the ligand in the AlF6 3- example (p. 81).  

Ion pairs occur when the electrostatic fields of 2 individual ions overlap each other. Ion 

pairs act as a simple molecule instead of 2 separate ions. 

Ion pair between Ca 2+ and SO4 2- is written as  CaSO0
4 

 

NOTE: To calculate conc. of Ca 2+, you must subtract concentration of Ca as 

determined by, e.g., AA or EDTA method from ion pair conc. That is: 

 

[Ca 2+] = [Ca] total – [Ca] ion pair 

 

* Ion pair formation increases with increasing ion charge and concentration. 

 

V. Chemical Equilibrium  

    A- an example: considering the reaction: 

          4HCl (g) + O2 (g)     (1)  (2)    2Cl2 (g) + 2H2O (g) 

1. rate of reaction depends on conc. of reactants. 

2. at t = 0, conc. of HCl and O2 are high, collisions are frequent, reaction rate (1)is 

rapid, 

3. as “t” increases, conc. of HCl and O2 decrease, collisions decrease, reaction rate (1) 

decreases,  

4. also, as t increases, conc. of Cl2 and H2O increase, collisions increase, rate (2) 

increases, 

5. equilibrium is reached when opposing rates are equal.  
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B- Mathematical expression for the above reaction 

1. rate 1 = k1 (HCl)4 (O2) 

2. rate 2 = k2 (Cl2)2 (H2O)2 

3. at equilibrium: rate 1 = rate 2 

4.    k1 (HCl)4 (O2) = k2 (Cl2)2 (H2O)2 

k1/k2 = (Cl2)2 (H2O)2/ [(HCl)4 (O2)] = Keq 

5.   Keq is constant. That means, if one component changes, the others adjust to 

compensate. 

   

C. Stability Constant (or formation constant) 

     Remember the reaction between a trivalent metal ion such as Al 3+ or Fe 3+ and a ligand 

such as F- or EDTA 4- that forms a complex.  

     Ex: (Fe 3+) + (EDTA 4-)  (FeEDTA-) 

     (EDTA stands for ethylenediaminetetraacetic acid. 

 

This equilibrium constant is called the stability constant.  

Keq = Ks = (FeEDTA 4-) /[(Fe3+)(EDTA4-)] 

 

Sometimes you also see the term dissociation constant (Kd) which is the reciprocal of 

stability constant (Ks). 

 (FeEDTA-)  ==> (Fe 3+) + (EDTA 4-) 

 Kd = [(Fe3+)(EDTA4-)]/(FeEDTA 4-) 

 

  D. Ionization constants of weak acids and bases 

Strong acids such as H2SO4 and HNO3 completely dissociate into H+ (which is 

probably present in the hydrated form H3O+) and an anion.  

Weak acids deprotonate less readily. Their more tightly bound protons are released only 

to solutions more alkaline than those required by strong acids. 

EX: Al(H2O)6 3+  Al(OH)(H2O)5 2+ + H+;  Ka = 10-4.99 

 

* Similarly, weak bases partially give up their hydroxyl ions. 
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      EX:  NH4OH   NH4

+ + OH- 

 Equilibrium constant for this reaction is: 

 Kb = [(NH4
+

 )( OH-)]/( NH4OH) = 10 -5 

 Kb can be converted to Ka through the equilibrium constant of water: 

 H2O   H+ + OH- 

 Kw = (H+ ) (OH- ) = 10 -14 (at 25 oC) 

 (OH- ) = 10 -14  / (H+ ) 

 Kb =[(NH4
+

 )* 10 -14 ]/[(H+ )*( NH4OH)]  

 Acid producing reaction is: 

 NH4
+ + H2O  NH4OH + H+ 

     Ka = [(H+ )*( NH4OH)]/ =(NH4
+

 ) 

     Kb = 10 -14  /Ka 

 

E. Simultaneous Equilibria 

H3PO4  H2PO4
- + H+  K1 = (H+) (H2PO4

-)/( H3PO4 ) = 10 -2.13 

But   H2PO4
- also ionizes:  

H2PO4
-   HPO4 2- +  H+ K2 = (H+) (HPO4 2- )/ (H2PO4

-) = 10 -7.21 

When the solution pH is high enough, the last proton is also released. 

HPO4 2-    PO4 3- +  H+ K3 = (H+) (PO4 3- ) / (HPO4 2- ) = 10 -12.34 

What it means is that concentrations, actually activity of phosphate species, for 

example (HPO4 2-) must satisfy all three reactions above. 

 

F. Solubility products (Ksp) 

Solubility product is a mathematical expression of the equilibrium between ions in 

solutions and their “parent” compound in the solid phase. This term is usually used for 

sparingly soluble compounds. 

      EX: Gypsum in water: 

 CaSO4 (solid)  Ca 2+ + SO4 2- 

 

     * Ksp = (Ca 2+)(SO4 2-)/(CaSO4) solid 

     Activity of the solid phase is often assumed to be unity (1). 
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     Ksp = (Ca 2+)(SO4 2-) = 10-4.62 

Another example: 

Al(OH)3 (gibbsite, solid)  (Al 3+) + (3OH-) 

      Ksp = (Al 3+) (OH-)3 = 10-33.5 

 

G. Equilibrium constants of ion pairs and dissolved gas 

     a. Ion pairs 

                CaSO4 0 (in solution)  (Ca 2+) + (SO4 -)   

Or:   AlSO4 +  (Al 3+) + (SO4 2-) 

                K = (Ca 2+)(SO4 2-) / (CaSO4  
0) = 10-2.27 

     b. Dissolved gas 

 CO2 (gas) + H2O (liquid)  H2CO3 (l) 

 K = (H2CO3)/P CO2 = 10 -1.5 

 Another example: 

 NH3 (gas) +    NH3 (aqueous) or NH4OH 

 K = (NH3 (aqueous))/P NH3 (gas)    = 58.9 
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