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The make-up of a natural solution

I – Particulate or solids
II- Colloidal material
III – Truly dissolved

a) non-associated (free)
b) associated (complexed)

i) Weak electrolytes
ii) Complexes
iii) Ion-pairs
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Operational definition of the dissolved fraction 
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Effect of Cu on Bacteria
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Effect of Cu on Bacteria
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Free vs complexed solutes

Potentiometry/ 
Ion specific electrodes

Polarography



Non-associated electrolytes
Presumed to exist in the form of simple cations and anions, all of 

which are probably solvated.

Included in this category are elements that do not exhibit strong covalent 
bonding or electrostatic association between oppositely charged ions. 
This behavior is typical of the alkali metal ions: Li+, Na+, K+, Rb+, Cs+.

Free ion
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Associated electrolytes
(weak electrolytes)

Solutes that can exist as undissociated molecules in equilibrium with 
their ions. This group includes substances that might be regarded as 
weak acids or bases, such as H2CO3 and H3BO3, for which the 
dissociation is pH dependent.

CO2(g) + H2O  H2CO3
H2CO3 H+ + HCO3

-

HCO3
-  H+ + CO3

2-

K°1 = (H+) (HCO3
-) = 10-6.38 or pK°1 = 6.38

(H2CO3
*)



Associated electrolytes
(ion-pairs/outer-sphere complexes)

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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Associated electrolytes
(ion-pairs /stability)

Mg2+ + SO4
2-MgSO4

o

Ko(MgSO4
o) =   (MgSO4

o)    =   [MgSO4
o]    γ(MgSO4

o)        
(Mg2+) (SO4

2-)      [Mg2+]F [SO4
2-]F γF(Mg2+) γF(SO4

2-)

=     K*(MgSO4
o)   x   γ(MgSO4

o)___           
γF(Mg2+) γF(SO4

2-)

=   165 at 25oC and I = 0

Ion-pairs are transient species held by strictly electrostatic interactions, most often 
between ions that have not shed their hydration layer. Nevertheless, the nature of 
the complexes can change with changes in T and P. 
As temperature increases, the dielectric constant of water decreases so that ion-
solvent interactions become weaker. As a consequence, a solvent-separated ion-
pair may develop into a solvent-shared ion-pair, into a contact ion-pair and 
eventually into an inner-sphere complex. 



Associated electrolytes
(true or inner-sphere complexes)

Formed by interaction between a cationic species and ligands (organic or 
inorganic), and for which covalent bonding is typically important.
The number of linkages attaching ligands to a central atom is known as 
the coordination number.
Complexes in which the ligand attaches itself to the central atom through 
two or more bonds are known as chelates or multidentate complexes.

Calcium oxalate



Associated electrolytes
(true complexes /stability)

Sequential       Global/cumulative constant

M + L ML K1 =  [ML]    =             β1 =     global constant     
[M] [L]   

ML + L ML2 K2 =  [ML2]   &           β2 =    [ML2]_     
[ML] [L]                                   [M] [L]2

. . . 

MLn-1 + L MLn Kn+1 = [MLn]   &             βn =    [MLn]    
[MLn-1] [L]                                [M] [L]n

or    βn = K1K2 … Kn = [MLn]/[M][L]n =  ∏ Ki

and ƩM = [M] + [M] Ʃ βi [L]i and   ƩL = [L] + [M] Ʃ βi [L]i



Associated electrolytes
(true complex formation involving a proton exchange)

Sequential                Global constant
M + HL ML + H+ *K1 = [ML] [H+]   =     *β1 =     global constant     

[M] [HL]   

ML + HL ML2 + H+ *K2 =  [ML2] [H+]   &  *β2 =    [ML2] [H+]2

[ML] [HL]                             [M]  [HL]2

. . . 

MLn-1 + HL MLn + H+ *Kn = [MLn] [H+]  &   *βn+1 =    [MLn] [H+]n

[MLn-1] [HL]                          [M]  [HL]n

or   *βn = *K1*K2 … *Kn = [MLn] [H+]n/[M][L]n =  ∏ *Ki

and   ƩM = [M] + [M] Ʃ *βi [HL]i /[H+]i

and   ƩL = [L] + [M] Ʃ *βi [HL]i/[H+]i



Associated electrolytes
(polynuclear complexes)

Some complexes can contain more than one metal cation. They are 
typically uncommon in natural waters because they are only stable at 
very high metal concentrations. The general reaction for the formation 
of these polynuclear complexes is written as:

mM + nL MmLn

for which: ßmn =  [MmLn]/[M]m [L]n

or if written in terms of proton-metal exchange:

mM + nHLMmLn + nH+

for which:       *ßmn =  [MmLn] [H+]n/[M]m [HL]n





Associated electrolytes
(speciation of Cu(+II) in seawater)

CuCO3

Cu(CO3)22-

Cu2+

CuOH+

CuSO4

Cu(OH)2

Organic Speciation of Cu2+

CuL1

CuCO3
CuL2

Cu2+  +  L1  =  CuL1     K1 = 1012

Cu2+ + L2 =  CuL2        K2 = 109

Inorganic speciation of Cu2+

Organic speciation of Cu2+



Associated electrolytes
(speciation of Cd(II) with chloride)

Reactions Ki ßi
Cd2+ + Cl- CdCl+ 21 Cd2+ + Cl-  CdCl+ 21
CdCl- + Cl- CdCl2

o 7.9 Cd2+ + 2Cl-  CdCl2
o K1K2 = 166

CdCl2
o + Cl- CdCl3

- 1.23 Cd2+ + 3Cl- CdCl3
- K1K2K3 = 204

CdCl3
- + Cl- CdCl4

2- 0.35 Cd2+ + 4Cl- CdCl4
2- K1K2K3K4 = 71.5

ƩCd = C = [Cd2+] + [CdCl+] + [CdCl2
o] + [CdCl3

-] + [CdCl4
2-]

substituting the cumulative constants we obtain: 

ƩCd = C = [Cd2+] ( 1 + ß1[Cl-] + ß2[Cl-]2 + ß3[Cl-]3 + ß4[Cl-]4) = [Cd2+] ( 1 + Ʃ ßn[Cl-]n)

As temperature increases, the dielectric constant of water decreases so that an 
ion-pair  (outer-sphere complex) may develop into an inner-sphere complex.



Associated electrolytes
(speciation of Cd(II) with chloride)

The fraction of free cadmium, as well as all the other species, can be 
expressed as a fraction of the total Cd concentration in terms of the 
cumulative (or overall) constants and the chloride concentration.

ƩCd = C = [Cd2+] + [CdCl+] + [CdCl2
o] + [CdCl3

-] + [CdCl4
2-]

= [Cd2+] ( 1 + ß1[Cl-] + ß2[Cl-]2 + ß3[Cl-]3 + ß4[Cl-]4) = [Cd2+] ( 1 + Ʃ ßn[Cl-]n)

αo = [Cd2+]/C = 1/( 1 + ß1[Cl-] + ß2[Cl-]2 + ß3[Cl-]3 + ß4[Cl-]4)

α1 = [CdCl+]/C = ß1[Cl-] αo ,
α2 = [CdCl2

o]/C = ß2[Cl-]2 αo , 
α3 = [CdCl3

-]/C = ß3[Cl-]3 αo , and 
α4 = [CdCl4

2-]/C = ß4[Cl-]4 αo



Associated electrolytes
(speciation as a function of [Cl-])

As the dielectric constant of water decreases, its ability to hold charges in 
solution decreases and neutral complexes become favoured.



Speciation of Fe(III) in NaCl

pH
0 2 4 6 8 10 12 14

Fr
ac

tio
n

0.0

0.2

0.4

0.6

0.8

1.0

Fe(OH)2
+

Fe(OH)4
-

Fe(OH)3

Fe3+

FeOH2+

Speciation of Al(III) in NaCl
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Metal complexation
(speciation as a function of pH)

1) Complexes generally increase the solubility of metals that are 
buffered by the presence of a sparingly soluble mineral.



Metal complexation
(speciation as a function of pH)

1) Complexes generally increase the solubility of metals which are 
buffered by the presence of a sparingly soluble mineral.



Metal complexation
2) The properties of complexes rather than those of the free ions 
determine the mobility of elements in solution.

For example, the group V and VI elements form strong oxyanions: AsO4
3-, 

PO4
3-, SO4

2-. The mobilities and environmental properties of these elements 
are therefore chiefly determined by those of their complexes.

3) The nature of the complex can greatly modify (increase or decrease) 
the adsorptive properties of an element.

For example, AsO4
3- (arsenate - As(V)) will adsorb more strongly than AsO3

3-

(arsenite – As(III)) to  iron oxides, whereas it is the opposite for selenate
(SeO4

2- -Se(VI)) and selenite (SeO3
2- -Se(IV)). 

Other studies have shown that the scavenging efficiency of metal oxides for 
Hg(II) decreases as the [Cl-] increases in solution. The Hg(OH)2

o complex 
predominates over a wide range of pH in low [Cl-] natural waters 



Metal complexation
4) The nature of the complexes will determine the toxicity and bioavailability 
of metals in natural waters.

Methyl-mercury, CH3Hg+, is the most toxic mercury compound found in 
natural aquatic systems and is readily accumulated through the food chain.



Effect of Cu on Bacteria
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Effect of Cu on Bacteria
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Metal toxicity/bioavailability
(FIAM model)

4) The nature of the complexes will determine the toxicity and 
bioavailability of metals in natural waters.

The nature of the complex and its charge will determine whether or not it can be 
transported through cell walls and interfere with internal biochemical processes.



Speciation in water
The number of water molecules surrounding a cation (coordination number of 
the cation with respect to H2O) is a measure of the cation’s surface-charge density 
(proportional to Z/r = Ip, the ionic potential in a solid).

Cations and 
aquocations

Cs; Ip = 0.6

Hydroxycations and 
hydroxyanions

x oxycations

oxyanions

Ip =3

Ip >8.5



Metal (and metalloid) classification
XX

X
X X X X

X X



Metal classification

Pearsons’ classification

These d0 cations are ions with high spherical symmetry and electron 
clouds which are not easily deformed or polarizable by electric fields of 
other ions. They form few complexes, mostly complexes with strong ionic 
character, such as with fluoride ions and ligands where oxygen is the 
donor atom. They basically are complexes that form between elements 
with the large differences in electronegativity.

Electronegativity is defined as the ability of an atom in a molecule to 
attract an electron to itself, a Lewis acid.  When ΔEN =0, the bonding is 
purely covalent, until ΔEN reaches 1.7 covalency predominates. Larger 
ΔEN values indicate chiefly electrostatic or ionic bonding between the 
cation and ligand, 



Metal classification

Pearsons’ classification

These metal ions have electron sheets that are easily distorted or 
polarizable. They tend to share their electrons with large anions. Unlike 
their d0 counterparts, they form strong complexes because they form 
largely covalent bonded complexes and the stability of these complexes 
decreases with increasing ΔEN. 

Complex log Ko

AgFo -0.3
AgClo 3.0
AgBro 4.3
AgIo 8.1

For example, the halide complexes increase in 
stability with decreasing EN (or increasing 
atomic weight or ionic size) of the ligand.

They coordinate preferentially with bases containing I, S or N as donor 
atoms. They form insoluble sulfides and soluble complexes with S2- and 
HS- with stabilities increasing: S2- > SH- > OH- > F-.



Metal classification

Pearsons’ classification

Although the transition metals (C-type) can be subdivided into 
different classes according to the order of the affinity for a series 
of ligands, in general, for almost every ligand, the stability of 
their complexes increases in the so-called "Irving-Williams" 
order.

Mn2+(d5s2) < Fe2+(d6s2) < Co2+(d7s2) < Ni2+(d8s2) < Cu2+(d10s1) > Zn2+(d10s2)

With the exception of Cu2+, this corresponds to the order of 
increasing Ip. This order reflects the enhancement of the 
stability of complexes resulting from the electronic interaction 
between the cation and ligand, more specifically the 
degenerescence of the d orbitals and the distribution of the 
electrons between various energy levels   LFSE



Metal classification
A separation between A, B, and C-type metals and metalloids can be visualized 
by plotting an index of the B-character of the cations (i.e., their tendency to form 
covalent bonds = X2r where X is the electronegativity) as a function of the ionic 
potential (Ip = Z2/r), a measure of a metal ion’s propensity to form ionic bonds.



Interactions between metallic cations and ligands

Complex log Ko

AgFo -0.3
AgClo 3.0
AgBro 4.3
AgIo 8.1



Interaction with organic ligands



Gibbsite solubility in the presence of oxalate
From: Fein (1991: Geology 19, 1037-1040)
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Interaction with organic ligands
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Interaction with organic ligands



Interaction with organic ligands
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