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THE CHEMISTRY OF ETHYLENEDIAMINE
TETRA-ACETIC ACID IN SEA WATER

By C. P. SPENCER
Marine Biology Station, University College of North Wales

(Text-figs. 1-10)

In recent years, ethylenediamine tetra-acetic acid (EDTA) has been exten-
sively used in culture media for unicellular algae. This, and other chelating
agents are also becoming widely used in toxicity studies with plants and
animals, in analysis and for controlling the ionic concentration of certain
metal jons in a wide variety of studies.

EDTA forms complexes with a large number of metallic cations, and in the
presence of sufficient EDTA only very small amounts of many metals can
exist as free ions. The use of EDTA as a metal buffer system has been
advocated by numerous workers. These metal buffer systems depend for
their operation upon the equilibrium between the metal cations, the EDTA
and the chelate, Providing that the concentrations of the chelate and the
chelating ion are large compared with that of the free metal ion, such a system
will tend to maintain a constant concentration of metallic ions, should these be
continuously removed by a biological system.

The available data suggest that EDTA is not readily metabolized by most
forms of life, and moreover it does not appear to be markedly toxic except by
virtue of its metal-chelating reactions. Its use under the correct conditions for
controlling metal ion concentrations in biological systems therefore has much
to commend it.

The physical chemistry of metal-EDTA equilibria has been examined by
several workers (Chaberek, Bersworth & Martell, 1955; Raaflaub, 1956) and
methods for calculating the concentrations of free metal ion at equilibrium
outlined. These treatments, however, are limited to simple cases when only
one chelating metal ion is present. The biologist is inevitably faced with
working with systems containing many reacting metal ions (e.g. in sea water).
Data regarding the free metal ion concentrations existing in equilibrium with
EDTA in such systems is of obvious importance if the use of EDTA is to be
fully exploited. This paper records some data on the equilibria set up when
EDTA is added to sea water and on the effect of variations of certain con-
trolling factors. ‘
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THE DISSOCIATION OF EDTA
In distilled water EDTA behaves as a typical quadribasic weak acid.
HY=HY'+H"
HY '=H.Y*+H*
H,Y?=HY-2*+H'
HYS=yY-.]1"

where Y—* represents the fully dissociated EDTA quadrivalent anion. The
third and fourth dissociation constants may be determined directly from the
titration curve which gives values of pK;=6-1 and pK,=10-2. The first and
second dissociation constants must be determined indirectly and the reported
values are pK,=1-9 and pK,=2-6 respectively (Calvin & Martell, 1953).

When chelation of a metallic ion occurs it results in the displacement of the
weakly acidic protons, as for example in the reaction:

M +H,Y-=MY?+2H —rc )

where M** represents a divalent metal cation.

Thus, when EDTA is added to sea water, chelation of the metallic ions
causes a fall in pH. A typical titration curve for EDTA in sea water is shown
in Fig. 1 (p. 134).

The curve of Fig. 1 was obtained by titrating sea water of 18-5%, chlorinity
containing 9 x 10~*M disodium EDTA with 2 x 1072N-NaOH. The sea water
contained 0-0023 equivalent per litre excess base as determined by the method
of Mitchell & Rakestraw (1933). The titration was carried out in a carbon
dioxide-free atmosphere. pH measurements were made by means of a glass
electrode. Theoretically, two equivalents of alkali should be required to
neutralize the EDTA. The discrepancy between the theoretical and the
observed end-point is accounted for by the excess base present in the sea
water.

The shape of the titration curve obtained is reminiscent of a strong acid—
strong base titration and the effect of additions of EDTA to sea water followed
by neutralization with alkali is comparable with the results of adding an
equivalent quantity of any strong acid. It should be noticed that, due to the
operation of the equilibrium (1), the system acts as a pH buffer in the region
of pH 4-5. For most biological purposes, however, the pH of EDTA-treated
sea water will be restored to pH 7 or above, and in this region the EDTA
system has no buffering capacity and the bicarbonate-carbonate buffering
system will therefore remain virtually unaffected. The pH of EDTA-treated
sea water may therefore be adjusted by considering the EDTA to be acting
as a strong acid and adjusting the resultant carbonate alkalinity and partial
pressure of carbon dioxide as required.
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These considerations apply only when an excess of strongly chelating
cations is present. In sea water the concentration is reached at about
6-:0x1072M EDTA. At higher EDTA concentrations the system is more
complex and the buffer capacity of the sea water will be affected at physio-
logical pH values.

THEORETICAL TREATMENT OF SYSTEM AND DERIVATION OF
FORMULAE

When EDTA is added to sea water a series of equilibria of the following type
operate:
M+ VM

MY+ Yo MY?,
etc.,

where M?+ represents the divalent chelating cations present. In addition, the
four dissociations of EDTA must be considered. At pH values above about
3-4, the concentrations of H,Y and H;Y"~ are not appreciable and the first
and second dissociations can therefore be neglected for most biological
purposes.
For multi-equilibria systems of this type it is possible to write a number of
simultaneous equations,
[M,Y?*] [M,Y?]
Thus: (M (V] =K. (M2 v+ = Kor, Etce
where the quantities in brackets represent concentrations, and by rewriting the
analogous equations for the third and fourth dissociations of EDTA in the

form
[II‘J1 2_]
[_II-I-W Ed_] 3 KB’

(321
=K, and
[ P
where K,=1/K, and K;=1/K;K,, K; and K, being the dissociation con-
stants for the third and fourth dissociations of EDTA. In addition we have

the mass equations: ;
[Total My]=[Mi*]+[M;Y*]

[Total My]=[M2+]+[M,Y?]
etc.
and  [Total Y]=[M,Y>]+[MY*]+ etc. +[H,Y*-]+[HY?]+[Y*].

In general if a system consisting of # competing ions is considered it is possible
to set up (2+ 1) simultaneous equations. Providing the values of the stability

9 JOURN. MAR. BIOL. ASS0C. VOL. 37, 1958
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constants (K, , Ky, , etc.) of the metal chelates, the values of the dissociation
constants of EDTA (K, and K,) and the total concentrations of EDTA
(Total Y') and of the chelating cations (Total M,, Total M,, etc.) are known,
then the system of equations contains (27 + 1) unknowns (i.e. M %+, M,Y?-,
M3+, etc.) and may be solved for any of these.

When the case of EDTA in sea water is considered the value of # is large
and the system of simultaneous equations becomes very cumbersome to solve
by direct means. The following alternative treatment was therefore used.

2
Let % =a, then [MZ?+]=a[Y*].
Similarly [M2+] =b[Y*],
etc.
Also let ME’;,EZ]_] s then [M,Y*]=o[Y*].
Similarly [M,Y2] = B[Y*+].
And let [1-[1;1:_3]— i then [HY?*] = A[Y*],
and [H,Y?*"] = u[Y*].
And let [YIT_] -t

Then from the equations for the stability constants of the metal chelates
and for the dissociation constants of EDTA

Ky, =f(«/a), Ku,=f(B[b), etc.
Also K H']=2A and Ky[H"=p.
Now [Total M,]=[M?%+]+[M,Y?-]
—a[Y*] + o[ Y.
fl[Total M;]=a+«
= o +fo/Ky,

o S [Total M;]
1+f/Kyy,

Similarly B= f Ez‘}il{::@’

ete;
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Now
[Total Y]=[M, Y2 ]+[M, Y2 ]+ etc. +[H, Y2 ]+[HY3]+[Y*]
=a[Y* ]+ 5[Y* )+ etc. +p[YS)+AY]+[Y).
flTotal Y]a+ B8+ etc. +p+A+1.

_ flTotal M,] = f[Total M,] 2 s
f[Total Y]= Ky = Ko + etc. + K4[H']+ Kpg[H']%+1.
This equation may be solved for f. It will be seen that the function f is by

definition the reciprocal of the concentration of the fully dissociated form of
EDTA (i.e. Y*°). In a system consisting of several cations each competing for
the Y% anion, it is the concentration of this ion, together with the total
amount of a particular metal species present and the appropriate stability
constant, which determines the equilibrium concentration of the unchelated
metal ions. All the chelating cations present will affect to a greater or less
extent the value of f for a certain concentration of EDTA. When the general
equation has been solved for f for a particular case the concentration of Y*-
can be calculated. Substitutions of this value in the equation
. [Total
% ]_KM i e

together with the appropriate values of [Total M] and K, allows the calcula-
tion of [M?*],

The general equation for f is only directly applicable to a system of any
number of competing metallic ions which react with Y*~ to give chelates of the
type MY?%-. If chelates of other structure are found the form of the terms in
the general equation corresponding to these chelates alters. For such chelates
it is in general a simple matter to recast the equilibrium constant equations
so that they can be incorporated in the general formula.

As an example we may consider the case of calcium. This forms chelates
with both the Y*- and HY*~ anions of EDTA according to the following
reactions (Calvin & Martell, 1953):

G Pyragg -
Cal CHY=Uap Y™
o il _[CaHYY] -
[Ca*][Y*] [Ca¥{HY*=] "™
The stability constants for both reactions are known and from these and the
appropriate proton association constant of EDTA

e
M [Y*]

Hence =K;

e

9-2
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may be derived a fourth constant K:

;. [CaHY'] o2,
= [Ca®] [V [H] where K'=K,xK,.
The equations for K, and K’ are now in a suitable form for manipulation by
the procedure used in deriving the general formula. It can be shown that this
substitution results in two terms

f[Total Ca] K, f[Total Ca] K'[H']

FAAR+RET ™ TR AR
in place of the usual single term of the fonnf [TOt?l 2 as in the case of ions
I+f/Ky

forming only one chelate.

Insertion of these terms in the general formula and solving for f enables
each term to be evaluated and hence the concentration of Ca?", CaY?~ and
CaHY?~ calculated for a specific case. Calculation shows that in sea-water
solutions of EDTA, formation of the CaHY?~ chelate is negligible at pH
values of § and above. At pH 4 the influence of CaHY ! formation on the
value of f is only slight and for most purposes can be neglected. This approxi-
mation is only valid if the concentration of HY*~ is kept low by the presence
of a stoichiometric excess of strongly chelated cations. If appreciable formation
of CaHY ! does occur it results in a reduction in the concentration of Ca?".

The general formula includes terms to allow for the effect of the third and
fourth dissociation constants of EDTA. If systems at pH values below 4 are
to be considered the first and second dissociations will become important.
In such cases the pH-dependent terms in the general formula must be
extended to include the terms + K.[H']® and + K,[H*"]*, where

I
g
TG,
APPLICATION OF THE GENERAL FORMULA TO SEA WATER
CONTAINING EDTA

The constants quoted in Table 1 are the apparent stability constants deter-
mined in solutions of known ionic strength (x=o0-1). These constants are
related to the thermodynamic dissociation constants K by the relationship

X L
K=K y M2 x y Y- 2
where K’ is the apparent dissociation constant and yMY?2~, yM2+ and yY*-

are the activity coefficients of the metal-EDTA anion, the metal cation and
the fully dissociated quadrivalent EDTA anion respectively.



CHEMISTRY OF EDTA IN SEA WATER 133

Due to the nature of the ions relatively large variations in the activity
coefficients and the apparent value of K with ionic strength can be expected.
The reported constants are not therefore strictly applicable to the equilibria
set up in EDTA solution in sea water. There is insufficient data for a rigorous
treatment to assess the variations in the individual apparent constants with
variations of ionic strength. It seems justifiable, however, to attempt an
approximate treatment on the basis of the data available.

TABLE 1. STABILITY CONSTANTS OF THE EDTA CHELATES OF SOME
BIOLOGICALLY IMPORTANT IONS (CALVIN & MARTELL, 1953)

Na* 1-66 Mn?t 134
St 8:36 Cot" 161
Mgt 8:69 Zn* 16°1
Ca** 10°59 Cu?* 183
Ca?t 3-51%
Unless otherwise stated the values given are the log K values for the M Y*- chelate.
. OHIYR
K== ;
CatrHY

Carini & Martell (1952) have investigated the changes with ionic strength
of the apparent stability constant of the calcium-EDTA chelate. Their results
show that in sea water of 199%, Cl the apparent stability constant will be
reduced by about a power of 10 compared with its value at x=o0-1. Variations
will also be caused in the values of the apparent dissociation constants of
EDTA, but these can be neglected for the present approximation.

It seems reasonable to suppose that the variation in the activity coefficients
yMY?-, yM?>t with changes in ionic strength will be of the same order for all
divalent metallic cations and as an approximation the apparent stability con-
stants to be used in sea-water solutions can therefore be reduced by a similar
factor. This approximation can only be justified in the case of equilibria
involving divalent cations and the quadrivalent EDTA anion. As will be
seen from what follows below, this limitation still allows the calculation of some
data of value.

The reacting cations present in sea water fall into two groups. On the one hand
there are the major constituents, Na*, Mg?", and Ca?" which are present in
concentrations of the order of 1072M or above, and on the other the
remaining cations present in micro- or submicromolar concentrations. Appli-
cation of the general formula in the specific case of the addition of a certain
concentration of EDTA to sea water indicates that for any particular case the
value of f is largely controlled by a relatively small number of the chelating
ions present. The dominance of an ion in this role is determined by its con-
centration relative to the concentration of EDTA and by the value of the
stability constant of its chelate. It is thus possible to ignore the effects of
many of the ions when calculating the value of f for a certain concentration of
EDTA. With EDTA concentrations between 102 and 10-*M the influence of
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the chelating reactions involving the cations of magnesium and calcium are
predominant. In the case of calcium only the formation of the CaY?~ chelate
is important, since the term corresponding to the formation of CaHY 3~ has
little effect on the value of f.

Fig. 2 shows the variation in the value of f when various quantities of EDTA
are added to sea water at pH 8-0. The values of f plotted in this curve were

101 /|
A
»
« 10"
/I
10"
1 1 1
. 05 10 15 2 3 4 5
Equivalents of NaOH per mole EDTA EDTA concentration (log,, molar)
Fig. 1 Fig. 2

Fig. 1. Titration curve for a solution of EDTA in sea water.
Fig. 2. Variation of f with the concentration of EDTA in sea water of 19%, Cl at pH 8-0.

M31+ Mn1+
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%
E,, Ca?* -8
2 3 Zn2*
E Col+ i
2 76
g 3 cu1+
3 -
£
5 —12
E Srl-l—
£af
g " -7
B
S
1 1 1 1 1 L 1 1
5 4 3 3 5 4 3 2

Concentration of EDTA (logsg molar)

Fig. 3. Variation of the concentration of certain metallic cations in equilibrium with various
concentrations of EDTA in sea water of 19 %, Cl at pH 8-0.
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obtained by applying the general formula to solutions of EDTA in sea water
of 199, chlorinity and cationic composition reported as typical by Sverdrup,
Johnson & Fleming (1942). As a first approximation the influence on the
value of f of all cations other than magnesium and calcium was neglected.

Values of f taken from the curve are of sufficient accuracy for many pur-
poses. If greater accuracy is required the curve may be used for obtaining an
approximate root of the equation which may then be further refined to the
desired degree.

Using the value of f obtained from
the curve in Fig. 1 the concentrations at 20k
equilibrium of the unchelated portions
of several biologically important cations
have been calculated for a range of -
EDTA concentrations. The results are
shown in Fig. 3. The total concentra-
tions of the various cations used in these
calculations are taken from the same
authority as the data for the construction
of Fig. 2. !

An examination of the ultra-violet i
absorption spectrum of appropriate
mixtures of calcium and magnesium
ions in the presence of EDTA provides
some experimental verification of the
theoretical results set out in Fig. 3 above.

=9
U
1

Optical density
>
T

fic cpsrigh e
210 220 230
Wavelength (mu)

EDTA itself absorbs strongly below
about 260 mpu. Chelation with calcium
or magnesium causes a shift of the
absorption to shorter wavelengths. The
absorption maxima cannot be determined
at the concentrations which have been
used and precise measurements are

Fig. 4. Absorption spectra of 5x 1072
EDTA in M/15 phosphate buffer at
pH 7-0 with additions of: (a) § X 102Mm-
G, 3 (b)) 5x10-®M-Mg®,
————— ; and (¢) 5xI0-3M-Ca® +
5x 1072 M-Mg?®", O O O. Absorption
measured in I cm cuvette against phos-
phate buffer as blank using a Unicam
SP 500 spectrophotometer.

thus not possible. However, the curves

obtained when either the calcium or magnesium chelate is used are
separated (Fig. 4). If mixtures of calcium and magnesium ions in the presence
of EDTA are examined, at relative concentrations such that the calcium is in
stoichiometric excess of the EDTA, it is seen that the absorption spectrum of
the mixture approximates to that of the calcium chelate, indicating that little
magnesium is chelated under these conditions. This is as predicted by the
theoretical treatment. If the concentration of EDTA is increased until it
approaches the stoichiometric amount required by the calcium the absorption
spectrum of the mixture starts to deviate slightly from that of the pure calcium
chelate. Marked deviation, indicating appreciable formation of the magnesium
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chelate does not, however, occur until the EDTA concentration is equal to or
exceeds the concentration equivalent to the calcium.

The case of iron has so far been omitted from the discussion and no data
for the concentration of either ferrous or ferric ions which can exist in equi-
librium with various concentrations of EDTA in sea water is given in Fig. 3.
For several reasons the case of iron is more complicated and it will be discussed
elsewhere. For most purposes, however, it is safe to assume that the presence
of iron will have little effect upon the other equilibria and this is certainly true
for the normal concentration range of iron found in sea water when additions
of EDTA in excess of 107°M are used.

It should be noted that the calculations involved in obtaining the data for
Figs. 1 and 2 have ignored the influence of all cations, other than calcium and
magnesium. This approximation is reasonable within the range of EDTA con-
centrations considered. With concentrations of the order of 10~¢Mm the in-
fluence of the small amounts of the more strongly chelated ions such as copper
becomes more important and the terms in the general formula corresponding
to these ions can no longer be ignored. With concentrations of EDTA in
excess of 1072M other factors—especially the pH of the system—have an
increased influence in controlling the value of £,

THE EFFECT OF VARIATIONS OF PH ON THE EQUILIBRIA

As stated previously, chelation of cations by EDTA involves the displacement
of weakly acidic protons. With certain exceptions chelation involves the com-
pletely dissociated anion of EDTA

M+ Y2 MY
and the tendency for hydrogen ions to associate with Y4~
H + Y¢-=HY?-

may thus be considered to be direct competition with metallic cation. The

second proton association
H"+HY*=HY?*"

will compete indirectly. As before, the effect of the third and fourth proton
association can be neglected when considering systems at pH values above 4-0.

Fig. 5 shows the variations with pH of the sum of the two pH-dependent
terms in the general formula. K,[H"]+ Kz[H™]® increases rapidly with
falling pH, reaching values of the order of 10° at pH 5. When the general
formula is applied to 199, sea-water solutions of EDTA, the terms corre-
sponding to the ions of magnesium and calcium, which are of dominant
influence in controlling the value of f, are of the order of 107 and above. It
therefore follows that at pH values of 6 and above the pH will have little
effect on the equilibria set up when EDTA is added to sea water. Below a pH
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of 6 the two pH-dependent terms will increasingly affect the value of f and
hence the equilibrium concentration of the unchelated metallic cations.

The values of the first and second proton association constants are such as
to suggest at first sight that the more stable first proton association might be
expected to have a marked effect, especially since the value of the association
constant for this proton is of the same order as the formation constant of the

20k
«—10"2 M-EDTA
15
8 \
o
= \ & 10 5107 M-EDTA
g
< s
— \ 1072 M-EDTA
L 4 N,
% \x\__ 5r 10 M-EDTA
2
] 1 1 1 1
4 b 8 4 5 6
pH pH
Fig. 5 Fig. 6

Fig. 5. Variations with pH of the two pH-dependent terms in the general formula. Vertical
axis shows value of log, (K, [H"]+ Kz[H']?)

Fig. 6. Ratio of f at various pH values to f at pH 8-0 in sea water of 19%, Cl with various
concentrations of EDTA.

calcium chelate and 102 greater than that of the magnesium chelate. In fact,
over the pH range 8-10 when the effect of the first proton association might be
expected to show, the pH has little effect on the value of f and hence on the
position of the equilibria. Presumably in this pH range the mass effect of the
hydrogen ions is so low compared with the 10® times greater amounts of
calcium and magnesium that this proton association is of negligible influence
in controlling the concentration of Y*~ compared with the chelation of
calcium and magnesium.

As can be seen from Fig. 6 the relative effect of pH on the value of f varies
with the concentration of EDTA added to the sea water. The effect is apparent
at higher pH values and is of greater magnitude at the lower pH values, the
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more nearly the concentration of EDTA approaches the total concentration
of strongly chelated cations present. With 199%, CI sea water this represents
about 6 x 10~2M EDTA. Additions of EDTA to 19%, Cl sea water are in any
case limited to about this concentration by solubility considerations. It is,
however, possible that EDTA may be used in diluted sea water and in such
cases it should be noticed that if the concentration of EDTA is equal to or
exceeds the stoichiometric amount required to chelate all the strongly chelated
cations, the influence of pH will be more extensive than under the conditions
considered here.

The increase in the value of f caused by falling pH reflects a decrease in the
concentration of uncombined Y*-. This will result in an increase in the
equilibrium concentration of unchelated metal cations, the increase being
proportionately greater in the case of the micro-constituents than with
calcium and magnesium. Thus with 102M EDTA in 19%, Cl sea water the
concentration of Ca2" at pH 4-0 will be about four times the concentration at
pH 6-0 or above. In contrast, the concentration of Mn?" under these condi-
tions at pH 4-0 will be some twenty times its concentration at pH 6-0 or above.
With lower concentrations of EDTA the increases in the concentration of
each will be less, but relatively greater effects will still be apparent in the case
of the minor constituents.

The distribution of calcium between the CaY?~ and the CaHY !~ chelate
will also be dependent on pH. As stated before, the formation of CaHY '~ is
negligible at pH values of 5 and above. Small amounts of CaHY ! are,
however, formed at pH 4, but as a first approximation this has been neglected
in the above discussion. When, however, appreciable formation of CaHY'~
occurs at lower pH values it will tend to further decrease the concentration
of Y4~.

THE EFFECTS OF VARIATIONS IN THE SALINITY ON
THE EQUILIBRIA

Variations in the salinity of the sea water to which additions of EDTA are
made will affect the equilibria due to: (a) variations in the ionic strength of the
medium, and (b) variations in the total concentrations of the chelating cations.

Fig. 7 shows the relative variations of f with three concentrations of EDTA
in sea water of various salinities. As the salinity falls the decreasing ionic
strength is associated with a rise in the apparent stability constants of the
chelates and a concomitant increase in chelation. At the same time the total
concentration of the chelating cations decreases, with the result that the EDTA
is present in proportionately greater quantities.

As can be seen from the appropriate curves in Fig. 7 the relative importance
of these two effects depends upon the EDTA concentration. With EDTA
concentrations of 107?M decreasing salinity causes an immediate fall in the
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value of f, the influence of decreasing ionic strength being masked by the mass
effect. With lower concentrations of EDTA, however, falling salinity is at
first accompanied by an increase in the value of f due to the lowering of the
ionic strength. When the total concentration of chelated cations falls below
about 6 times the concentration of EDTA, the mass effect becomes dominant
and the value of f falls sharply.

107% M-EDTA

5 10 15 5 10 15
Chlorinity (%,) Chlorinity (%.)
Fig. 7 Fig. 8

Fig. 7. Ratio of f in sea waters of various chlorinities to f at 19 %, chlorinity with various
concentrations of EDTA.

Fig. 8. Ratio of f at various dilutions of a 10~%M solution of EDTA in sea water of 19%,
Cl at pH 8-0.

Both the increase in the value of f due to decreased ionic strength and the
decrease in f caused by the mass effect are accompanied by a decrease in the
concentration of unchelated metallic cations. The rise in the value of f between
19 and 10%, Cl with 5 x 107*M EDTA, for example, is a reflexion of the rising
stability constants which are paralleled by increasing chelation. Similarly,
with the same strength of EDTA below 10%, Cl, the rapidly falling value of
f due to the mass effect is accompanied by a further decrease in metallic cation
concentration, since the total concentration of the metals is decreasing.

The fall in metallic cation concentration is only slight, due to the effect of
the ionic strength, but more marked due to the mass effect. The combined
effect is proportionately greater with the minor constituents than with such
ions as calcium and magnesium. For example, with additions of §x 107%M
EDTA to sea water of 19%, Cl the resulting concentrations of Ca*" and Cu?"
are about 55 x 1072M and 4'9 x 1075M respectively. If the same addition
is made to 159%, Cl sea water the concentrations become 3:53 x 107°M and
2:6 x 107 M. With sea water of 5%, Cl, however, the concentration of Ca?"
will fall to 1-3 x T0~*M and that of Cu2" to about 5-8 x T0~17Mm.

It may sometimes happen that sea water containing EDTA is diluted with
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distilled water. In this case not only is the ionic strength of the medium
reduced and the total concentration of metallic cation, but also the total
concentration of EDTA is proportionately reduced. Fig. 8 shows the varia-
tion in the value of f when sea water of 199, Cl containing 10-*m EDTA is
diluted. The proportionate decrease in the total amount of EDTA with
decreases in the concentration of the other constituents causes a progressive
increase in the value of f. The concentration of EDTA has little effect upon
the relative magnitude of the variations in f in dilutions of this type, and the
curve may be used to correct the value of f when solutions of between 104
and 10~2M EDTA in sea water are being considered.

THE EFFECT OF VARIATIONS IN THE TOTAL CONCENTRATION
OF INDIVIDUAL CATIONS

The effect of variations in the total concentration of an individual cation will
depend upon the dominance of the cation in question in controlling the value
of . Thus increases in the total quantity of either Mg?" or Ca?* will not only
cause variations in the equilibrium concentrations of the unchelated portions
of both ions but will also affect the equilibria of the minor constituents. In
contrast, a small increase in, for example, the total amount of copper present,
will have only a negligible effect on the value of £, and only the copper equi-
librium will thus be affected. If, however, the total amount of copper is
increased to a point where the appropriate term in the general formula is no
longer of negligible influence on the value of f, then further increases in the
total copper present will affect not only the Cu®* equilibrium but also all the
other equilibria.

The effects of increasing the total concentration of calcium in a 10%Mm
solution of EDTA in 199, Cl sea water at pH 8-0 will be considered first.
As the total amount of calcium present is increased the value of f increases.
As shown in Fig. 9, f is directly proportional to the total concentration of
calcium for a particular concentration of EDTA. The value of the propor-
tionality constant is greater the more nearly the concentration of EDTA
approaches the total concentration of strongly chelated cations. In 19%, Cl
sea water, decreases in the concentration of EDTA below 103 M have little
further effect on this proportionality constant.

The increase in f caused by increased total amounts of calcium reflects
increases in the equilibrium concentrations of all the strongly chelated cations.
Table 2 gives the equilibrium concentration of several cations in a 102 M
solution of EDTA in 199, Cl sea water at pH 8-0 appropriate to various total
amounts of calcium. The concentrations of free cations increase linearly with
increasing total amounts of calcium, the relative increase in each cation being
approximately equal, with a given concentration of EDTA, for all cations
regardless of the amount present or the value of their respective stability
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constants. The greater increases in f with higher concentrations of EDTA
reflect greater increases in the equilibrium concentration of each metallic
cation, Nevertheless, even with 10~2M solutions of EDTA, the relative increase
in free cations caused by addition of calcium remains approximately the same
for a considerable range of calcium additions.

TABLE 2. EFFECT OF INCREASING TOTAL AMOUNT OF CALCIUM IN
10—*m SOLUTIONS OF EDTA IN 19%, CL. SEA WATER AT pH 8-0

Total Molar equilibrium concentrations
Ca present S, S A
(molar) Catt Mn2* Cut*
170 X ahre 98 x107? 3:0x 1077 3gx 1074
2:0x 1072 19 X 1072 60 x 107" 78 x 1071
5'0x 1072 49x107*? 'S X Igr s 20 x 10712
E -
E E B Mnl-l—
gl
k)
§0r
B, i
g an-f
}:g 17t Co?* e
%
1 1 1 14 1 ! 1 1
1 2 3 4 5 7 6 5 E ]
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Fig. 9. Ratio of f at various total calcium concentrations to f at 10~*M total calcium in 19 %,
Cl sea-water solutions of EDTA at pH 8-0.

Fig. 10. Variation in the concentration of certain metallic cations in 10~%M solutions of EDTA
in 19 %, Cl sea water at pH 8-0 with additions of various amounts of copper.

In contrast, if the total concentration of a minor constituent is increased,
small increases have no appreciable effect on the value of f and only the con-
centration of the free cations of the metal in question will increase. When the
total concentration of such a minor constituent is increased above a certain
critical value, however, the corresponding term in the general formula will
become of significance in controlling the value of f.

Table 3 gives the values of f appropriate to several total concentrations of
some biologically important minor constituents. The concentration at which
a particular metal will start to affect the other equilibria and the magnitude of
the effect produced depend upon the stability constant of the chelate of the



142 C. P. SPENCER

metal in question. Thus the other equilibria will be affected sooner by in-
creases in the total amount of copper than by increases in less firmly bound
metals such as manganese.

TABLE 3. VARIATIONS OF f IN 10-*m EDTA SOLUTIONS IN 19%, CL. SEA
WATERAT pH 8:0 WITH CHANGES IN THE TOTAL AMOUNTS OF CERTAIN
BIOLOGICALLY IMPORTANT MINOR CONSTITUENTS

Total
concentration f

of metal * = ~

(molar) Manganese Zinc Copper
> o 39 x 10 39 X 10 39 x 10'°
104 3'9 X 101 3-9 x 1010 42x.10'0
s%E0t 7:9 X 1010 81 x 101° 8-2 x 10%
1073 3:5 x 1011 7:2 X 1010 92 x 10"

Fig. 10 shows the effect of increases in the total copper in a typical
solution of EDTA in sea water. Increases in the total amount of copper
present up to concentrations of about 10~°M cause proportional increases in
the concentration of Cu2". At higher concentrations increasingly dispropor-
tionate increases in Cu®" concentrations are caused until, at concentrations
of about 5 x 10~*M copper, further increases result in a very rapid increase in
the Cu®" concentration. The concentration of the other metallic cations is not
appreciably affected until the total amount of copper in the system is in excess
of 10*m. With total amounts of copper in excess of 5 x 10~*M the concentra-
tion of all the other cations increases very rapidly. There will be similar effects
on the concentration of Mg?" and Ca®".

I am indebted to Mr Lloyd G. Chambers of the Department of Mathe-
matics, University College of North Wales, for advice and a valuable discussion.

SUMMARY

A general formula has been derived for the quantitative treatment of systems
involving a number of interdependent equilibria. The formula has been
applied specifically to the equilibria set up between metallic cations and their
chelates when EDTA is added to sea water. This system involves competition
for the fully dissociated quadrivalent anion of EDTA (the principal ion of
EDTA which forms complexes) by the metallic cations and by the hydrogen
ions present. The equilibrium concentration of a metallic cation in any
particular case will depend upon the equilibrium concentration of the quadri-
valent anion of EDTA, in the sense that the higher the concentration of this ion
the lower will be the concentration of the metallic cation. The general formula
allows the calculation of the equilibrium concentration of the quadrivalent
EDTA anion, and from this the concentrations at equilibrium of each metallic
cation can be readily found.
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When solutions of EDTA in typical sea waters are considered quantitatively,
it becomes apparent that relatively few of the metallic cations present con-
tribute significantly to determining the equilibrium concentration of the
EDTA quadrivalent anion. The mass action effect of the relatively large con-
centrations of calcium and magnesium in sea water causes these ions to be
dominant in controlling the equilibria. Consequently, changes in the total
amounts of either of these molecular species cause marked changes not only
in the equilibria in which they are directly involved but also affect the other
equilibria. In contrast, changes within certain limits in the total concentration
of other metal species have but little effect on the equilibrium concentration
of the EDTA quadrivalent anion, and so affect only the equilibrium involving
the metal ion in question. The limits within which this applies are controlled
by the concentration at which the mass effect of the metal species in question
becomes great enough to cause that particular equilibrium to have a significant
effect in controlling the concentration of the EDTA quadrivalent anion. The
concentration at which this occurs depends in turn upon the magnitude of the
stability constant of the metal-EDTA chelate in question. The more stable
the chelate, the lower the upper limit of the concentration range over which
the total amount of a metal may be altered without appreciably affecting the
other equilibria.

Variations in the amount of EDTA present affect all the equilibria. With
lower amounts of EDTA (up to about 107*M) there is an approximately
inverse proportionality between the total amount of EDTA present and the
concentration of unchelated metallic cations. As the total amount of EDTA
approaches a value stoichiometrically equivalent to the total amount of divalent
cations present (i.e. about 6 x 10~2M in a typical sea water), there is a pro-
gressive disproportionate decrease in the equilibrium concentration of each
metallic cation.

An examination of the effects of pH on the system shows that in sea-water
solutions of EDTA, pH will have little effect on the equilibrium concentrations
of free metal ions within the range pH 6-10. Below pH 6 increases in the
metallic cation concentration will occur. These increases will be proportion-
ately greater in the case of the minor constituents of sea water. The relative
pH-independence of the system above pH 6 is limited to systems in which
divalent metal cations are in stoichiometric excess of the EDTA.

The equilibria in EDTA-sea water systems are dependent upon the ionic
strength of the medium and hence on the salinity. A fall in salinity with its
concomitant decrease in ionic strength is associated with increased chelation.

Graphs are presented showing the variations of the reciprocal of the con-
centration of the quadrivalent EDTA anion (f) with variations in those
factors affecting the equilibria which are summarized above. These will allow
an approximate evaluation of the ionic concentrations of metallic cations in
many cases which may be encountered in biological work. For more precise
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calculations the interpolated values of f may be used as a first approximation
to the root of the appropriate equation for f, which may then be refined to
whatever degree is desired.

The general procedures used are applicable to many biological fluids other
than sea water, and for similar systems of competing equilibria other than the
formation of complexes.

REFERENCES

CALVIN, M. & MARTELL, A. E., 1953. Chemistry of Metal Chelate Compounds. New
York: Prentice-Hall, Inc.

Caring, F. F. & MARTELL, A. E., 1952. The effect of potassium chloride on the
equilibrium between ethylene diamine tetra-acetate and calcium ions. §. Amer.
chem. Soc., Vol. 74, pp. 5745-8.

CHABEREK, S., BERSWORTH, F. C. & MARTELL, A. E., 1955. Chelating agents as metal
buffers in biological systems. I. Principles and use of ethylene diamine tetra-
acetic acid. Arch. Biochem. Biophys., Vol. 55, pp. 321-37.

MrtcHELL, P. H. & RAKESTRAW, N. W., 1933. The buffer capacity of sea water. Biol.
Bull., Woods Hole, Vol. 65, pp. 437-51.

RAAFLAUB, J., 1956. Application of metal buffers and metal indicators in biochemistry.
Methods of Biochemical Analysis, Vol. 3, pp. 301-25. New York: Interscience
Publishers, Inc.

Sverprup, H. U., JounsoN, M. W. & FLEMING, R. H., 1942. The Oceans, their
Physics, Chemistry and General Biology. New York: Prentice-Hall, Inc.





