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WATER: 
One of the most extraordinary substances known to man
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Isotopic composition of water

= 0.0521 M 
= 0.0103 M 
= 0.0100 M 



Periodic table of the elements

VIa



WATER: 
One of the most extraordinary substances known to man



sp3 hybridization and the formation of water
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Quadrapole moment of water
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Quadrapole moment of water and hydrogen bonding



WATER 
The hydrogen bond

ΔE = 19 kJ/mol


 


 


 


 


 








Anomalous Properties of Water
• Maximum Density - ρsolid < ρliquid

• High Heat Capacity
• High Heat of Fusion and Evaporation
• High Surface Tension and Viscosity
• High Dielectric Constant
• High Transparency
• High Thermal Expansion 
• High Heat Conduction



Anomalous Properties of Water



Addition of an electrolyte to water
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Bonds resulting from the polarity of molecules

Water is a very good solvent



Interaction of water with H+ (H3O+)



Addition of an electrolyte to water
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NaCl(s)  Na+
(aq) + Cl-(aq)

ΔHrx = + 2.5 kJ/mole
(endothermic reaction)



Addition of an electrolyte to water

Na+
(g) +    Cl-(g) NaCl(solid)

Na+
(aq) +    Cl-(aq)

ΔH1

ΔH3
ΔH2 = + 2.5 kJ/mole

ΔH1 = lattice heat = -757.3 kJ/mole

ΔH3 = heat of hydration = ΔH1 + ΔH2 = -754.8 kJ/mole
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Solvated ions by water
Charge density of an ion (Zé/volume) and the formation 
of a hydration sphere:

1) Cations are generally more hydrated than anions.
2) The greater the charge of the ion, the more heavily  

hydrated is the ions (ex: Mg2+ >Li+, even though 
they have similar ionic radii).

3) For ions of similar charge, the smaller the ionic 
radius of the ion, the more heavily hydrated it is (ex: 
Li+ > Na+ >K+).

Hydrated ions



Hydration Numbers 

Li+ 2.8 F- 5.6
Na+ 3.7 Cl- 2.0
K+ 2.9 Br- 1.2 
Mg2+ 7.8 I- 0.1
Ca2+ 6.5 OH- 6.4
Cu2+ 7.6 SO42- 8.6
La3+ 14.7 CO32- 12.8

Ion nh Ion nh
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Electrostriction

0.5 mole NaCl
= 29.22 g
ρ = 2.165 g/cm3

13.5 cm3 970.78 g of water
ρ = 0.997 g/cm3

973.7 cm3 1000 g of solution
V ≠ 13.5 + 973.7 = 987.2 cm3

but ~ 982.5 cm3



                     +

Electrostricted
      Region

Electrostriction

The amount of electrostriction is dependent 
upon the concentration and nature of the salt. 
It is related to the partial molal volume (V) of 
the constituent  ions.

(dµi/dP)T = Vi = partial molal volume

where µi = µi° + RT ln ai = chemical potential
ai = activity of species i
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Non-electrolyte in water
Non-electrolytes are held in solution 
by weak Van der Waals or dipole-
dipole interactions with water.

THF - tetrahydrofurane Salting-out



Salting-out

FIZZZZZZ …



Salting-out
Number of available water molecules in 1 liter (or ~1 kg)  = (1000g l-1)/(18g mol-1) 

= 55.55 moles l-1

Upon the addition of an electrolyte (salt), the number of water molecules (per liter of 
water) available to dissolve a non-electrolyte is given by:

55.55 – Σ cinh

ci = ion concentration in mole l-1
nh = hydration number of the ion

Assuming that the solubility of a non-electrolyte in water is simply proportional to the 
number of water molecules outside the first hydration layer of the ions, then:

S/So = (55.55 - Σ cinh)/55.55

So = solubility of the non-electrolyte in pure water
S = solubility of the non-electrolyte after the addition of an electrolyte



2, 4 dinitrophenol

Salting-out

+

1 mole KClO4 (potassium perchlorate)

S/So = (55.55 – (1 * 2.9 + 1 * 6))/55.55
= (55.55 -8.9)/55.55
= 46.65/55.55
= 0.84

(S/So)Exp = 0.7

nK+ = 2.9 and nClO4
- = 6



Salting-in and Salting-out

log S

Ionic strength, I

k is negative

Salting-out
k is positive

Salting-in

log (S/So) = k I



Ion-ion interactions 
The non-ideal behaviour of solutes

The deviation from ideality is given by the activity coefficient (γ):

ai = activity or “effective or thermodynamic concentration” = γi [i] 

γi = 1 when Σ[i] = 0.

or, in terms of free energy or chemical potential,

μi =  μo
i + RT ln ai =  μo

i + RT ln γi + RT ln [i]

In nearly pure water (infinite dilution solutions), where all solute ions or 
molecules contact only water molecules, ai = [i] and the activity coefficients of 
all solutes are equal to one. Given the definition of the standard state, the 
solute-water interactions are accounted for. 
As salt concentrations increase, individual aqueous species interact with each 
other – electrostatic or coulombic interactions. 



Ionic Strength 
Coulombic interactions are proportional to the charge concentration of the 
ions involved. The charge concentration is given by the ionic strength (I):

I = ½ Σ([i] • Z2
i)  ≈ 0.7 m in seawater

where [i] is in molal units (mole of ions/kg H2O) and Zi is the charge of the ion i. 
The ionic strength is summed for all charged species in solution, assuming that all 
electrolytes are present as free ions in solution.

I ~ 2 x 10-5 x TDS   or  ~0.8 x 10-5 x SpC for a NaCl solution
I ~ 2.5 x 10-5 x TDS   or  ~1.7 x 10-5 x SpC for typical surface waters
I ~ 2.8 x 10-5 x TDS   or  ~1.9 x 10-5 x SpC for Ca(HCO3)2 solutions



Debye-Hückel Theory
In dilute solutions, the interactions among ions are mostly due to 

long-range electrostatic forces: attraction of ions of opposite charge and 
repulsion of ions of like charge. As a result of these forces, the distribution 
of ions in solution is not uniform. The separation of charges at the 
molecular scale leads to local variations in the electrical potential of the 
solution which decreases the total free energy of the system.

Assuming that the only interactions not accounted for by chemical 
reactions are due to their electrical charge, strictly electrostatic 
interactions, Debye and Hückel evaluated the relevant electrostatic energy 
and included it in the expression of the free energy of the ions.

From electrostatic theory, we know that the work necessary to bring 
a charge ‘c’ from an electrical potential ψ to a potential ψ’ is:

W = c [ ψ’ – ψ] = Zi F [ ψ’ – ψ] 



Debye-Hückel Theory

Given that the charge of an ion is equal to ZiF, then:

W = ZiF [ ψ’ – ψ°]

(dG/dni)T,P = μi = μ°i + RT ln [i] + ZiF ψ’

Assuming that the ions behave as point charges (finite dimension) in a 
continuous medium of uniform dielectric constant, Debye and Hückel
derived the following expression of ψ’: 

ψ’ = - A (RT/F) Zi (I1/2/(1 + Ba I1/2)

μi = μ°i + RT ln [i] - A RT Zi
2 (I1/2/(1 + Ba I1/2)

Hence, electrostatic interactions among ions results in a decrease of their 
molal free energies.



Debye-Hückel Theory
log γi = – AZ2

i I1/2/(1 + ai BI1/2)
where A and B are constants that depend only on the temperature and
dielectric constant of the system.

For water at 25oC and 1 atm total pressure:
A = 1.824928 x 106 (εT)2/3 = 0.5085 mol-1/2 l1/2 and
B = 50.29 x 108/(εT)1/2 = 0.3281 x 108 cm-1 mol-1/2 l1/2

ε is the dielectric constant of water (a measure of its capacity to hold
charges in solution). Pure water has the highest dielectric constant of all
liquids.

ai = adjustable size parameter (in angstroms or 10-8 cm) which
corresponds roughly to the distance of closest approach between the
centre of adjacent ions or the radius of the hydrated ion.



Single ion activity coefficients calculated 
from the Debye-Hückel Equation

The Debye-Hückel equation predicts that activity coefficients decrease continuously 
with ionic strength. The model is reasonably accurate to an ionic strength of 0.1 m. 



Davies Equation
For higher ionic strengths, the Debye-Hückel equation was modified by adding a 
term which takes into account non-coulombic interactions and the increase of γ
with I.

log γi = – AZ2
i (I1/2/1+BaI1/2) +bI

where b is a general constant (0.2-0.3) or a specific constant for each individual ion i. 
This expression is known as the Davies equation. This equation yields reasonably 
accurate estimates of the  individual ion activity coefficients for solutions of ionic 
strengths up to 0.5 m but is not suitable for seawater  or solutions of higher ionic 
strength. … (PHREEQE, WATEQ, MINEQL, …)



Associated electrolytes
(ion-pairs)

Ion-pairs result from purely electrostatic attraction between oppositely charged ions.
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ex:  Cd2+ + Cl- CdCl+ (positive ion pair)
Hg2+ + 3Cl- HgCl3

- (negative ion pair)
Mg2+ + SO4

2-MgSO4
o (neutral ion pair)

Contact ion-pair

Solvent-shared ion-pair

Solvent-separated ion-pair
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Specific Interaction or Pitzer Equation

ln γM = D.H. + ∑ M-X + ∑ M-N + ∑ M-N-X

∑ MX = ∑ M-Cl + M-SO4 + ∑ M-HCO3

∑ M-N = M-Na, M-Mg, M-Ca ...

∑ M-N-X = M-Na-Cl, M-Na-SO4, ...

+

+ +

–

+ + –



Specific Interaction or Pitzer Equation

The first term on the right is a modified Debye-Hückel term which takes into account 
long range electrostatic interactions:

fγ = -0.392 [(I1/2/1+1.2I1/2) + (2/1.2) ln (1 + 1.2I1/2)]

B terms describe the interactions of species of opposite sign and are functions of the 
ionic strength, much like the ion-pairing stability constants. Interactions between 
species of like charges (θ terms) are assumed independent of I. Ternary interaction 
terms (Ψ) in the Pitzer equation are not generally needed for I<3.5 mol/kg, they take 
into account interactions between two-like charged and a third unlike-charged species. 
They are also assumed to be independent of ionic strength. 

wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/
www.ndsu.nodak.edu/webphreeq/



Single ion activity coefficients
lo

g 
γM

2+

γM2+



Activity coefficients of Neutral Species

Given that non-ideality for ions arises primarily as a result of 
electrostatic interactions with each other, one would expect that neutral 
species should behave differently since, with no charge, the electrostatic 
interactions should be negligible. In general, activity coefficients of 
uncharged species are near unity in dilute solutions and often rise above 
unity in concentrated solutions because more water is tied up in the 
hydration of ions and less water is available to interact with the 
uncharged species (i.e., salting-out). Irrespective  of the behaviour of 
individual neutral solutes, most of the recent studies indicate that log γi
is proportional to the ionic strength and can be represented by the 
Setchenow equation:

log γi = Ki I



Activity coefficients of Neutral Species
(the Setchenow (salting-out) equation)

log γi  = Ki I
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