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Minor and trace components of seawater interact to dif-
ferent extents with inorganic major constituents (Na+,
K+, Mg2+, Ca2+, Cl– and SO4

2–). Metal ions are com-
plexed by Cl– and SO4

2– both as free ions (Smith and
Martell, 1976), i.e. Mz+, and as hydroxo species
M(OH)n

(z–n) (unpublished results). O-ligands (carboxy-
lates, phenols, hydroxycarboxylates) form weak species
with Na+ and K+, and fairly stable complexes with Mg2+

and Ca2+. Amines form quite weak complexes with Cl–

and SO4
2– in their protonated form (Daniele et al., 1995;

De Robertis et al., 1993) and with Mg2+ and Ca2+ (these
laboratories, unpublished results). Amino acids show an
intermediate behaviour (De Stefano et al., 1995).

In order to quantify these interactions, two approaches
have been followed (1) by studying the effect of seawa-
ter major components on the activity coefficients of
metal ions and ligands (Pitzer, 1991; Whitfield, 1975);
and (2) by building up appropriate complex formation
models based on all significative binary interactions
(Garrels and Thompson, 1962; Millero, 1982, 1990).
Hybrid models have been also proposed (Millero and
Schreiber, 1982). For these studies, artificial seawaters
have been used (Demianov et al., 1995; De Robertis et
al., 1997; De Stefano et al., 1994; Fiol et al., 1995;
Garrels and Thompson, 1962; Khoo et al., 1977; Johnson
and Pytkowicz, 1979, 1981; Millero and Schreiber,
1982; Millero et al., 1987). However, results are often
not easy to read, and the comparisons between the
strength of interactions of the inorganic components of

seawater with different ligands (or classes of ligands)
cannot be made in a simple way.

For this reason we considered the inorganic major
components of seawater as a single salt (BA), in order
to study the anion and cation interactions in a more sim-
ple way, and to study self association and acid–base
properties of this salt by considering an artificial seawa-
ter (SSWE, Synthetic Sea Water for Equilibrium Studies,
De Stefano et al., 1994) whose composition1 is reported
in Table 1. The concentration of the single salt BA was
calculated as mean ionic concentration, and the result-
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Table 1 Composition of SSWE , at 25°C and S = 35‰ (De Stefano
et al., 1994).

C (mol dm–3) m (mol kg–1)

NaCl 0.4221 0.42740 a)

Na2SO4 0.0288 0.02919
KCl 0.0110 0.01112
CaCl2 0.0111 0.01121
MgCl2 0.0548 0.05552
BA 0.5751 0.58240
I 0.717 0.726

a) molalities at other salinities can be calculated by the equation

ms = m35 27.56572 S /(1000–1.005714 S)

1Many other recipes for artificial seawater have been proposed (De Stefano
et al., 1994) with very similar composition. As regards studies on the com-
plexing ability of the inorganic contents of seawater towards different ligand
classes, different seawaters should give quite close results.
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ing charge is ±1.117. The anion Az– can be protonated
and the protonation constants have been obtained exper-
imentally by potentiometric measurements2. Results at
different salinities are reported in Table 2. The self asso-
ciation of BA and the hydrolysis of Bz+ [to give
B(OH)(z–1)] can be calculated by considering the com-
plex formation model already proposed for SSWE (De
Robertis et al., 1994). In this model all the interactions
with K > 0.1 mol–1 dm3 were taken into account and the
free concentrations of all the components can be esti-
mated. From the difference between total and free mean
ionic concentration, the association constant for BA0 can
be evaluated. The hydrolysis constant for B(OH)(z–1) is
obtained from the differences between effective and
apparent Kw. All the equilibrium constants, at 25°C and
I = 0 mol dm–3, are reported in Table 3. The dependence
on temperature and ionic strength of log K for the species
HA(1–z), BA0 and B(OH)(z–1) is given by the equations
(De Stefano et al., 1997)

log K = log TK25+ G(I) + F(T)

G(I) = –z* DH + C I + C’I (T-θ) 
= a1 S1/2 + a2 S + a2

’ S (T-θ)

F(T) =

where logTK is the equilibrium constant at I = 0 mol
dm–3, DH = I1/2/(2+3I 1/2), z* = Σ(charge)2

reactants –
Σ(charge)2

products, and θ is the reference Temperature
(25°C). Values of the refined parameters are reported in
Table 3.

The thermodynamic parameters3 in Table 3 allow the
complete definition of the salt BA, and therefore, the for-
mation parameters of complexes formed by the minor
and trace components of seawater (ligand and /or metal
ions) can be calculated with Bz+ and /or Az–.

The single salt approximation has been applied to the
study of interactions of BA with some classes of ligands
[carboxylic and hydroxocarboxylic acids, amine and
amino acids (these laboratories, work in progress);
PO4

3–, P2O7
4– and P3O10

5– (De Stefano et al., 1998)]. 
As an example , we report in Figure 1, the stability of
BL (L = carboxylic ligand) and L’AHi (L’Hi

i+ = proto-
nated poliamine) complexes as a function of ligand
charge. The use of the single salt approximation gives 
a simple picture of the strength of inorganic major

component–ligand class interactions, to compare differ-
ent classes, and to draw interesting stability–charge
relationships4.
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Table 2 Protonation constants of Az–.

S% log KHA ± 3sa)

5 0.07 ± 0.03
15 0.00 ± 0.03
25 –0.04 ± 0.03
35 –0.05 ± 0.03
45 –0.075 ± 0.04

a) s = standard dev.

Table 3 Thermodynamic parameters for the self association of BA,
for the protonation of Az– and the hydrolysis of Bz+, at 25°C and I
= 0 mol dm–3.

Reaction log TK25 �H′25 �C′p25

(1) Bz+ + Az– = BA0 –0.03 0 0
(2) H+ + Az– = HA(1–z) 0.24 ± 0.05a) 14.6 ± 1.5a) 100 ± 35a)

(3) Bz+ = B(OH)(z–1) + H+ –12.75 65.5 –102

z* C C′ a1 a2 a2′

(1) –2.494 0.105 –4.2 10–3 –0.1224 0.01122 –6.6 10–5

(2) –2.233 0.095 – –0.04826 0.00145 –
(3) 0.234 –0.205 – –0.0163 –0.00169 –

a) ± 3 (standard deviation)

2Potentiometric measurements were performed using [H+]-glass electrode at
T = 5, 15, 25, 35, 45°C. Solutions containing SSWE at different salinities (with
NaCl in part substituted by HCl) were titrated with NaOH. The electrode 
couple was calibrated by titrating SSWE (without SO4

2–, and NaCl in part
substituted by HCl). Apparatus, procedure and calculations were as pre-
viously reported (De Robertis et al., 1993; Daniele et al., 1995; De Stefano
et al., 1995).
3�H′ and �Cp′ values (molal scale) can be converted to �H0 and �C0

p
values (molal scale) by using appropriate conversion factors (De Stefano et
al., 1994).
4Other major components of seawater are HCO3

– and F- which play a negli-
gible role as regards the interactions with ligands. In contrast, they are quite
important in the speciation of metal ions and must be considered, at least as
‘external’ components, when studying hydrolysis and complexation reactions
in SSWE.

Figure 1 Log K values vs charge of ligands.

�� logK for the reaction: Hi(am)i+ + Az– = Hi(am)A(i–z)+ (i =
2, ethylenediamine; i = 3, diethylenetriamine; i = 4,
triethylentetzamine; i = 5, tetraethylenpentamine);

�� logK for the reaction: Bz+ + Li– = BL(z–i)+ (i = 1, acetate;
i = 2, malate and tartrate; i = 3, propan-1,2,3-
tricarboxylate; i = 4, butane-1,2,3,4-tetracarboxylate and
pyromellitate; i = 6, benzenehexacarboxylate);
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Erratum

In the article ‘Chemical Speciation of cadmium in controlling Indian soil types’ by V. Ramachandran
and T.J. D’Souza Volume 9(4), 1997, on page 126 the legend to the Figure should read ‘Figure 6.
Extraction of cadmium from sewage sludge’, and on page 129 the legend to the Figure should read
‘Figure 3. Extraction of cadmium from alfisol’.
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