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Introduction

There is substantial evidence that divalent cations have a strong tendency
to form partially dissociated complexes in solution with the anions of some
organic acids. In a number of cases this effect has been studied quantitatively
and expressed in terms of well defined dissociation constants (1, 2). Some
reports indicate that calcium and orthophosphates may form similar complexes
and the pK values of these complexes, calculated with the aid of some as-
sumptions (3), have been reported (4, 5, 6).

Polyphosphates are well known as excellent complexing agents for alkaline
earth metals (6) and for some of these the stability of their calcium complexes
has been described (4).

One of the major difficulties encountered in this field has been the lack of &
reliable and simple method for the determination of calcium ions in solution.
Since such & method is now available (7) it was decided to study the formation
of calcium complexes with citrate and phosphates as they are of considerable
importance in biological systems such as milk, blood, and muscle tissue.
Polyphosphates were included in this study because of their known complexing
ability and possible usefulness in practical applications of this effect,
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It is desirable to increase our knowledge of the properties of these compounds
as many of the phosphates are used as additives in a wide variety of food pro-
ducts and a large number of these applications undoubtedly depend on the
caleium complexing ability of the phosphates.

Materials and Methods

Sodium hexametaphosphate and sodium tetraphosphate were commercial products
generously supplied by Rumford Chemical Works, Rumford, R.I. Sodium tripoly-
phosphate (Food grade) was a gift of Calgon, Inc., Pittsburgh, Pa. All other chemicals were
reagent grade.

The concentration of free calcium jons was determined by a colorimetric murexide
method described elsewhere (7). Freezing point depressions were measured with a Fiske
Model T milk cryoscope.

Solutions containing 5, 10 or 20 mmoles of P and solutions containing 5, 10 or 20 mmoles
of citrate were made up and adjusted to 0.16 M ionie strength with either sodium chloride
or tetraethylammonium bromide. The latter chemical was used because it has been
claimed (4, 5, 8) that the tetraethylammonium ion does not form complexes with phosphates
as might be the case with sodium ions.

The dissociation constant K was calculated from

[Ca++] . ([Total anion] — [Total Ca] + [Cat+])

[rotal Ca] —[Car™] =K

on the assumption that the inactivated caleium is combined reversibly and stoichiometri-
cally, forming & 1:1 complex.

Results and Discussion

To determine the calcium complexing ability of the various phosphates and
citrate, 2 ml of each solution containing 5, 10 or 20 mmoles of these compounds
were mixed with 2 ml of a solution containing 5 mmoles of calcium ions and 2 ml
of Tris buffer of pg 6.8 (7). Free calcium ion determinations in these mixtures

Table 1. Free calcium ion concentration and pK values of solutions of calcium chloride in
the presence of polyphosphates and citrate, at 25° C, ionic strength. 16 M and pH 6.8

Ionic strength made up with
Complexing agent muﬁ)lcs Sodium chloride Tetracthylammonium bromide
Cat+ Ca compl. pK Catt Ca compi. pK
mmoles | mmoles mmoles | mmoles
Sodium hexa- 5 3.75 1.25 2.92 34 1.6 2.97
metaphosphate 10 2.5 2.5 2.62 1.6 34 2.96
20 1.0 4.0 2.89 0.7 4.3 3.09
Sodium tripoly- 5 4.0 1.0 2.89 3.75 1.25 2.92
phosphate 10 2.75 2.25 2.53 2.2 2.8 2.74
20 1.5 3.5 2.87 0.8 4.2 3.02
Sodium tetra- 5 3.8 1.2 2.92 3.25 1.75 2.99
phosphate 10 24 2.6 2.66 1.5 3.5 3.05
20 1.1 3.9 2.87 0.7 4.3 3.09
Sodium citrate 5 2.6 2.4 2.89 3.75 1.25 2.92
10 1.5 3.5 2.53 2.2 2.8 2.74
20 0.8 4.2 2.87 0.8 4.2 3.02
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indicated that primary sodium phosphate (NaH,PO,) and secondary sodium
phosphate (Na,HPO,) did not show any complexing activity at these concentra-
tions, in all cases the calcium ion concentration of the mixture was 5 mmoles.
Sodium pyrophosphate could not be included in this series of experiments
because it formed precipitates with calcium ions in the presence of the Tris
buffer, due to its high pH in solution.

Results obtained with sodium hexametaphosphate, sodium tripolyphosphate,
sodium tetraphosphate and sodium citrate are listed in Table 1. Mean pK values
of the calcium complexes of these compounds are given in Table 2, and are
only slightly different from one another. The citrate complex had a higher pK
value than the polyphospbate complexes. In all cases the pK value was higher
in the presence of tetramethylammonium bromide than in the presence of
sodium chloride, indicating some complexing of the sodium jon as well, The pK
value of the citrate complex in the presence of sodium chloride was slightly
lower (3.03) than the figures reported by JosupH (1) and by HasTINGS et al. (2)
who found values of 3.17 and 3.22 respectively.

T'able 2. Mean pK values of the calcium complexes of polyphosphates and citrate; at 25° C,
ionic strength. 16 M and pH 6.8

Mean pK in  Mean pK in tetra-

Complexing agent Formula sadium chloride ethylaromoninm
bromide

Sodium hexa-

metaphosphate (NaPO,), 2.88 3.00
Sodium tripoly-

phosphate Na P,0,, 2.76 2.89
Sodium tetra-

phosphate NagP, 0,4 2.81 3.04
Sodium citrate NayCH;0, 3.03 3.10

The absence of calcium complexing ability of orthophosphate could also be
demonstrated with the freezing point depression method. Isotonic solutions of
caleium and sodium chloride, primary potassium phosphate and citrate were
prepared and equal quantities mixed in the combinations listed in Table 3.

Table 3. Freezing point depressions of solutions of calcium and sodium chloride, primary
potassium phosphate and citrate and their mixtures

Solution Freezing point
CaCl, 0.572
NaCl 0.573
KH,PO, 0.571
K,Citr 0.567
NaCl 4+ KH,PO, 0.573
NaCl 4 K Citr 0.570
CaCl, + KH,PO, 0.571

CaCl, 4 K Citr 0.540
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There was no interaction between sodium and phosphate or citrate ions and
between calcium and orthophosphate ions. The combination of calcium and
citrate ions resulted in a considerable lowering of the freezing point depression
indicating the formation of complex ions.

It was shown by pDE MAN and BaTrA (9) that orthophosphates have little or
no effect on the stability of milk proteins and that citrate and polyphosphates
have an important stabilizing action on the casein micelles. Although it is fre-
quently stated that calcium can be bound in the form of complex ions by
orthophosphates (10), no evidence for such action was obtained in the present
work. If orthophosphate under certain conditions does have an effect on the
stability of the caseinate micelles it is most likely through a different mecharism
than citrate which is an effective calcium ion complexing agent.

Evidence for the lack of calcium complexing ability of orthophosphates was
provided earlier by GoSSELIN et al. (11), who showed that administration of
these phosphates in rats did not cause hypocalcemia, whereas pyro, tripoly and
hexametaphosphates caused severe hypocalcemia, which was attributed to the
complexing of caleinm by these salts.

Summary

The calcium ion complexing ability of orthophosphates, polyphosphates and citrate
was determined by measuring free caleium ions in mixtures of these salts and ealcium
chloride. Primary and secondary orthophosphates showed no calcium complexing ability;
sodium citrate, sodium hexametaphosphate, godium tripolyphosphate and sodium tetra
phosphate were effective calcium complexing agents and the pK values in the presence of
sodium chloride and of tetraethylammonium bromide were determined. All pK values were
higher in the absence of sodium jons indicating a competitive effect of the sodium ion. The
lack of ealeinm complexing ability of ortho-phosphate could also be demonstrated by a
cryoscopic technique.
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