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Abstract

The solubility in water of magnesium-L-ascorbate, calcium-L-ascorbate, magnesium-L-glutamate, magnesium-D-gluconate, calcium-D-
gluconate, calcium-D-heptagluconate, L-aspartic acid, and 3-nitrobenzoic acid was determined in the 278.15 K to 343.15 K temperature
range. The solubility of these compounds served to permit the evaluation of the apparent molar enthalpies of solution.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In the continuation of our investigations on solubilities
in water of organic acids and salts having industrial or
biological importance [1–9], magnesium-L-ascorbate,
calcium-L-ascorbate, magnesium-L-glutamate, magnesium-
D-gluconate, calcium-D-gluconate, calcium heptagluconate,
L-aspartic acid, and 3-nitrobenzoic acid are considered.
Only the solubility of L-aspartic acid, 3-nitrobenzoic acid,
and calcium-D-gluconate are known in the literature
[10–12] and they were also previously determined by us
[5,6]. Considering that repeated determinations indicate
consistency of results, these new values of solubility are
also reported here.

The ascorbates and gluconates investigated by us are
used in the formulation of pharmaceutics, foods, and
cosmetics, as the buffered vitamin C and as the mineral
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supplements to prevent the deficiency of magnesium and
calcium in the body.

From the measured solubility over the T = (278.15 to
343.15) K temperature range, the apparent molar enthal-
pies of solution, DsolHm(m, T), were calculated for the
investigated systems.

2. Experimental

The (+)-magnesium-L-ascorbate (C12H14O12Mg, mass
fraction >0.95); (+)-calcium-L-ascorbate dihydrate
(C14H14O12Ca � 2H2O, mass fraction >0.99); magnesium-
D-gluconate (C12H22O14Mg, mass fraction >0.96); (+)-cal-
cium-D-gluconate monohydrate (C12H22O14Ca � H2O, mass
fraction >0.98); a-calcium-D-heptagluconate dihydrate
(C12H26CaO16 � 2H2O, mass fraction >0.99); magnesium-
L-glutamate tetrahydrate (L-glutamic acid hemimagnesium
salt tetrahydrate, C10H16O8N2Ca � 4H2O, mass fraction
>0.99); L-aspartic acid (C4H7O4N, mass fraction >0.99),
and 3-nitrobenzoic acid (C7H5O4N, mass fraction >0.98)
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TABLE 1
Solubilities m of organic acids and salts in water at temperatures T

T/K m/
(mol � kg�1)

T/K m/
(mol � kg�1)

T/K m/
(mol � kg�1)

L-Aspartic acid

278.15 0.0197 303.15 0.0408 328.150 0.117
283.15 0.0221 308.150 0.0557 333.150 0.127
288.15 0.0257 313.150 0.0681 338.150 0.172
293.15 0.0432 318.150 0.0827 343.150 0.185
298.15 0.0371 323.150 0.0995

3-Nitrobenzoic acid

278.15 0.0096 303.15 0.0199 328.15 0.0631
283.15 0.0094 308.15 0.0224 333.15 0.0746
288.15 0.0132 313.15 0.0314 338.15 0.116
293.15 0.0178 318.15 0.0368 343.15 0.159
298.15 0.0208 323.15 0.0453

Magnesium-D-gluconate

278.15 0.308 303.150 0.472 328.150 0.911
283.15 0.315 308.150 0.534 333.150 1.07
288.15 0.321 313.150 0.601 338.150 1.20
293.15 0.372 318.150 0.681 343.150 1.35
298.15 0.414 323.150 0.810

Calcium-D-gluconate

278.150 0.0376 303.150 0.0882 328.150 0.249
283.150 0.0408 308.150 0.0984 333.150 0.312
288.150 0.0457 313.150 0.128 338.150 0.381
293.150 0.0546 318.150 0.172
298.150 0.0654 323.150 0.208

Calcium-D-heptagluconate

278.150 0.0190 303.150 0.151 328.150 0.919
283.150 0.0289 308.150 0.247 333.150 1.24
288.150 0.0522 313.150 0.282 338.150 2.11
293.150 0.100 318.150 0.377 343.150 2.85
298.150 0.122 323.150 0.626

Magnesium-L-glutamate

278.15 1.82 298.15 2.16 318.15 3.02
283.15 1.90 303.15 2.35 323.15 3.36
288.15 1.97 308.15 2.42 328.15 3.48
293.15 2.02 313.15 2.60 333.15 3.64

Magnesium-L-ascorbate

278.15 2.06 298.15 2.65 318.15 3.63
283.15 2.10 303.15 2.95 323.15 3.82
288.15 2.21 308.15 3.20 328.15 4.05
293.15 2.38 313.15 3.42 333.15 4.43

Calcium-L-ascorbate

278.15 1.03 298.15 1.34 318.15 1.90
283.15 1.12 303.15 1.42 323.15 2.04
288.15 1.19 308.15 1.52 328.15 2.27
293.15 1.26 313.15 1.74 333.15 2.46
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were from Fluka. All reagents were used in experiments
without further purification.

The solubility experiments were performed with double
distilled water (in both directions, by increasing and
decreasing temperature) as described elsewhere [8].
Weighed samples of saturated of magnesium and calcium
salts were titrated complexometrically with EDTA (Rieden
de Haen) using Eriochrome black T (EBT, Merck) as an
indicator. The organic acids were titrated with solutions
of NaOH using phenolphthalein. For each system, the stir-
ring and gravitational time was established in preliminary
experiments to ensure the (solid + liquid) equilibrium. At
each temperature, each reported solubility is the average
of three experiments. The accuracy of experiments varies
depending on the system, but for all organic salts it is esti-
mated to be better than ±3%.

3. Results and discussion

The determined solubility of organic salts and acids in
water, m (mol � kg�1), is reported in table 1. The values
can be expressed by the Williamson equation [13],

o lnðm=m�Þ
oð1=T Þ ¼ �

DsolH mðT Þ
mR½1� 0:001hM1m�f ;

f ¼ 1þ o ln c�
o lnðm=m�Þ

� �
T

;

ð1Þ

where the total number of ions produced from 1 mol of
electrolyte is m and h is the number of molecules of water
in organic hydrates. The DsolHm(T) denotes the molar en-
thalpy of solution, c± the activity coefficient, M1 the molar
mass of water, R the gas constant, and m� = 1 mol � kg�1.
Since the variation of activity coefficients with m near the
saturation points is unknown, the factor f is replaced by
unity and the enthalpy of solution becomes the apparent
molar enthalpy. If it is assumed that DsolHm(T) depends
linearly on T, the solubility equation takes form [14,15],

ln
m
m�

� �
¼ Aþ B

ðT=KÞ þ C lnðT =KÞ; ð2Þ

where A, B and C are adjustable coefficients and combining
(1) and (2) one has

DsolHmðT Þ
mR½1� 0:001hM1m� ¼ CT � B: ð3Þ

These coefficients were evaluated by an unweighted multi-
variable least-squares method and they are collected in
table 2.

In order to show reliability of our solubility experi-
ments, we will start with L-aspartic acid, 3-nitrobenzoic
acid, and calcium-D-gluconate because the solubility of
these substances is already known. In figure 1 is plotted
solubility of L-aspartic acid together with those from the
literature [5,11,12]. As can be observed, considering the
low solubility of L-aspartic acid in water, the agreement
between different investigations is quite satisfactory, but
at temperatures which are lower than 298.15 K, the accu-
racy continues to be unsatisfactory, probably not better
than ±7%. Since L-aspartic acid is a weak acid
(Ka = 6.6 � 10�3 mol � dm�3 [14]) it is treated as non-elec-
trolyte (i.e. m = 1) and the apparent molar enthalpy is
DsolHm(m = 0.0371 mol � kg�1; T = 298.15 K) = 26.3 kJ �
mol�1 as compared with DsolHm(m = 0.0379 mol � kg�1;
T = 298.15 K) = 26.7 kJ � mol�1 as reported in [5]. These
values are consistent with the calorimetric result at the
infinite dilution, DsolHm(m ? 0; T = 298.15 K) = 25.1 kJ �
mol�1 [17]. Over the temperature interval investigated,
the apparent molar enthalpies can be correlated linearly



TABLE 2
Coefficients of the solubility equation (2)

A B C R2a

L-Aspartic acid 127.9 2860 20.198 0.9838
3-Nitrobenzoic acid 541.9 21316 81.843 0.9844
Magnesium-D-gluconate 255.4 9699 38.957 0.9963
Calcium-D-gluconate 363.3 13186 55.534 0.9912
Calcium-D-heptagluconate 119.2 595.7 20.870 0.9912
Magnesium-L-glutamate 197.9 7934 30.193 0.9859
Magnesium-L-ascorbate 36.61 539.7 6.281 0.9877
Calcium-L-ascorbate 174.7 6692 26.776 0.9965

a The squared correlation coefficient of the regression (2).
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FIGURE 1. Plot of solubility m of L-aspartic acid in water as a function
of temperature T: j – reference [11]; h – reference [12]; – reference [5];
and – this work. Continuous line is calculated from equation (2).
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FIGURE 2. Plot of solubility m of 3-nitrobenzoic acid in water as a
function of temperature T: j – reference [11]; h – reference [12]; –
reference [6]; and – this work. Continuous line is calculated from
equation (2).
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FIGURE 3. Plot of solubility m of magnesium-D-gluconate and calcium-
D-gluconate in water as a function of temperature T: – magnesium-D-
gluconate; h – calcium-D-gluconate from reference [6]; and j – this work.
Continuous lines are calculated from equation (2).
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with temperature T, DsolHm(m, T)/kJ � mol�1 = 26.3 +
0.168 (T/K – 298.15).

The values of solubility presented here in the case of
3-nitrobenzoic acid are in a good agreement with those
previously published [6,11,12], but one point reported in
[17] is clearly incorrect (figure 2). The dissociation of the
acid is negligible (Ka = 5.5 � 10�4 mol � dm�3 [16]) and
therefore 3-nitrobenzoic acid is also considered as a non-
electrolyte in the evaluation of the apparent molar enthalpy
of solution, DsolHm(m = 0.0208 mol � kg�1; T = 298.15 K)
= 25.6 kJ � mol�1 and DsolHm(m, T)/kJ � mol�1 = 25.6 +
0.680 (T/K – 298.15). The result at T = 298.15 K agrees
reasonably well with DsolHm(m = 0.0188 mol � kg�1;
T = 298.15 K) = 28.1 kJ � mol�1 reported in [6].

Over the investigated temperature interval, calcium-D-
gluconate monohydrate is only moderately soluble in water
(table 1). With an exception of higher temperatures, the
agreement with our previous values of solubility is very
satisfactory (figure 3). Based on typical values of the
enthalpies of solution which were determined in
calorimetric experiments reported in [17], it is assumed that
this and other organic salts can be treated as non-electro-
lytes (i.e. m = 1 is always chosen) and therefore DsolHm

ðd-CaðGlucÞ2 �H2O; m = 0.0654 mol � kg�1; T = 298.15
K) = 28.0 kJ � mol�1 and DsolHm(m, T)/kJ � mol�1 = 28.0
+ 0.457 (T/K – 298.15).

Magnesium-D-gluconate is considerably more soluble in
water than calcium-D-gluconate (table 1 and figure 3). The
apparent molar enthalpy of solution is DsolHm(m = 0.414
mol � kg�1; T = 298.15 K) = 15.9 kJ � mol�1 and DsolHm

(m, T)/kJ � mol�1 = 15.9 + 0.324 (T/K – 298.15).
The solubility of calcium-D-heptagluconate dihydrate

in water starts to be significant only at higher tempera-
tures at T > 308 K (table 1 and figure 4). The tempera-
ture dependence of the apparent molar enthalpy of
solution is rather weak and for the investigated tempera-
ture range we have DsolHm(m, T) = (57.4 ± 2.2) kJ �
mol�1. This value is considerably larger than those
observed here for other organic salts.
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FIGURE 5. Plot of solubility m of magnesium-L-ascorbate and calcium-
L-ascorbate in water as a function of temperature T: – magnesium-L-
ascorbate; – calcium-L-ascorbate. Continuous lines are calculated from
equation (2).
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FIGURE 4. Plot of solubility m of magnesium-L-glutamate and calcium-
D-heptagluconate in water as a function of temperature T: – magnesium-
L-glutamate; – calcium-D-heptagluconate. Continuous lines are calcu-
lated from equation (2).
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Magnesium-L-glutamate tetrahydrate is very soluble in
water (table 1 and figure 4). The apparent molar enthalpy
of solution is D solHmðl-CaðGluÞ2 � 4H2O; m = 2.16 mol
� kg�1; T = 298.15 K) = 7.3 kJ � mol�1 and DsolHm(m, T)/
kJ � mol�1 = 7.3 + 0.175 (T/K – 298.15).

Finally, magnesium-L-ascorbate and calcium-L-ascor-
bate dihydrate are considered (table 1 and figure 5). Similar
to magnesium-L-glutamate, they are characterized by
relatively low values of the apparent molar enthalpy of
solution: DsolHm(L-Mg(Asc)2; m = 2.65 mol � kg�1; T =
298.15 K) = 10.1 kJ � mol�1 and DsolHm(m, T)/kJ � mol�1

= 10.1 + 0.052 (T/K – 298.15) and is DsolH mðl-CaðAscÞ2�
2H2O; m = 1.34 mol � kg�1; T = 298.15 K) = 11.2 kJ �
mol�1 and DsolHm(m, T)/kJ � mol�1 = 11.2 + 0.198 (T/K –
298.15). However, they can be three times larger if the total
dissociation of ascorbates at the saturation point is postu-
lated (i.e. m = 3), but without the direct support from calo-
rimetric measurements their values continue to be
uncertain.

In the case of highly soluble water salts, the values of the
enthalpy of solution usually differ considerably from the
apparent enthalpies due to the dissociation effect and to
the activity factor appearing in equation (1). As can be
observed in table 1, the solubility of magnesium salts is
always higher than those of calcium salts. This is consistent
with the fact that the solubility of electrolytes in water is
strongly affected by the hydration of their constituent ions.
In the present case, the hydration numbers and the abso-
lute values of thermodynamic functions of the hydration
process (Gibbs free energies, enthalpies and entropies of
hydration) are larger for magnesium ions than for calcium
ions [18].
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