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ersaturation of calcium citrate
from simultaneous isothermal dissolution of
sodium citrate and sparingly soluble calcium
hydroxycarboxylates in water

Martina Vavrusova,a André C. Garcia,ab Bente P. Danielsena and Leif H. Skibsted*a

Strongly supersaturated homogeneous calcium citrate solutions are formed spontaneously when solid

sodium citrate and solid calcium hydroxycarboxylates are dissolved simultaneously in water or when

solid sodium citrate is dissolved in an already saturated aqueous solution of the calcium

hydroxycarboxylate at ambient conditions. Maximal supersaturation of calcium citrate was found to

decrease for an increasing value of the stability constant for calcium binding: L-lactate < D-gluconate <

citrate, indicating citrate assisted dissolution through competitive complex formation as

a thermodynamic factor controlling spontaneous supersaturation for up to a factor of more than twenty.

Time elapsing prior to initiation of precipitation of calcium citrate was found to be shorter for a higher

degree of supersaturation and lasted between hours and days. During subsequent precipitation

equilibrium solubility of calcium citrate was approached with a simultaneous increase in water activity.

Both thermodynamic and kinetic factors are suggested to be important for the spontaneous

supersaturation, which seems to explain the paradoxal but well-stablished high bioavailability of calcium

from the sparingly soluble calcium citrate and the high mobility of calcium in the presence of citrate

during biomineralization.
Introduction

Citrate as a vehicle for calcium ions has been demonstrated to
increase the bioavailability of calcium from food or from
supplements under various conditions despite the low solu-
bility of calcium citrate.1,2 Milk and other dairy products, known
as important calcium sources in human nutrition, have
a signicant content of citrate.3

Calcium citrate as a calcium source with an equilibrium
release of 5 mM calcium to an aqueous environment also
enhances bone regeneration by bone morphogenetic proteins
by affecting osteoblast differentiation and proliferation.4 A high
production of citrate by osteoblasts was also identied as
important for bone formation and an optimal structure of
apatite nanocrystals for improved bone resistance to fracture.5 A
more specic role of citrate in apatite crystallization has now
also been recognized during bone mineralization.6–8

A common factor for these observations from experimental
human nutrition and from medical treatment of osteoporosis
may be related to the solubility overshooting phenomena
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recently observed for dissolution of calcium citrate tetrahydrate
in aqueous solutions of sodium citrate but not in pure water.9

Notably, the initial solubility of calcium citrate in aqueous
sodium citrate was higher by approximately 10% than the
equilibrium solubility established aer 48 hours of isothermal
equilibration of solutions with solid calcium citrate in the
temperature interval from 0 to 100 �C.9 Similarly spontaneous
supersaturation of calcium D-gluconate in water by up to
a factor of seven was observed by isothermal continuing
dissolution of calcium L-lactate in an already saturated aqueous
calcium L-lactate solution aer addition of solid sodium D-
gluconate.10 Notably, both calcium L-lactate and calcium D-
gluconate nd widespread use for calcium fortication of food
and beverages.11,12

Non-equilibrium conditions may also explain the increased
bioavailability of calcium from mixtures of citric acid and
calcium hydroxide compared to calcium citrate found in human
intervention studies.1 Likewise, a suspension of calcium citrate
in aqueous potassium citrate had superior calcium bioavail-
ability compared to tablet formulation of calcium citrate for
patients aer Roux-en-Y gastric bypass operations.13

The mechanism behind spontaneous formation of super-
saturated aqueous solutions of sparingly soluble calcium
hydroxycarboxylates under isothermal condition accordingly
deserves more attention not only in relation to improvement of
This journal is © The Royal Society of Chemistry 2017
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bioavailability of calcium from foods and supplements but also
in relation to biomineralization and mineral mobility in calci-
ed tissue. Most mammalian biouids are supersaturated with
respect to calcium hydroxyapatite but calcium phosphate
deposition in various tissues is strictly controlled by specic
crystallization inhibitors.14 The dissolution process resulting in
spontaneous supersaturation under isothermal conditions is
less understood. We now report the results of investigations,
which points towards a special role of citrate and possibly other
hydroxycarboxylates in mineral mobility involving spontaneous
isothermal supersaturation.
Experimental
Materials

Tricalcium dicitrate tetrahydrate, calcium L-lactate pentahy-
drate, calcium D-gluconate monohydrate, ammonium purpu-
rate 5,5-nitrilodibarbituric acid (murexid), and trisodium citrate
dihydrate were all from Sigma Aldrich (Steinheim, Germany).
Purity of all calcium salts was of analytical grade. Ethyl-
enediaminetetraacetic acid disodium salt dihydrate (EDTA),
calcium chloride dihydrate, and sodium hydroxide were from
Merck (Darmstadt, Germany). All aqueous solutions were made
from puried water from Milli-Q Plus (Millipore Corporation,
Bedford, MA).
Total calcium determination

Standardization of 0.0100 mol L�1 and 0.0500 mol L�1 solution
of EDTA used for titration was obtained against a 0.0100 mol
L�1 aqueous solution of CaCl2 prepared by weighing of calcium
chloride dihydrate. An aliquot of the 1.000 mL of sample was
transferred to a titration ask and subsequently diluted with 25
mL of water. To maintain basic pH, 0.50 mL of 2.0 mol L�1

solution of NaOH was added to each sample, and 0.20 mL of
0.50% murexid solution was used as an indicator.
Electrochemical measurement of calcium ion activity

Calcium ion activity, aCa2+, was measured using a calcium ion
selective electrode ISE25Ca with a reference REF251 electrode
from Radiometer (Copenhagen, Denmark). The calibration of
the electrode was obtained using aqueous 1.00 � 10�4, 1.00 �
10�3, 1.00 � 10�2 mol L�1 CaCl2 standard solutions prepared
from a 1.000 mol L�1 CaCl2 stock solution at 25 �C. Calcium ion
activity, aCa2+, in the standard solutions was calculated from the
relationship between activity and calcium concentration, cCa2+,
according to

aCa2+ ¼ cCa2+g
2+ (1)

where g2+ is the activity coefficient calculated from the Davies'
equation as described previously15

log g2þ ¼ �ADHz
2

� ffiffiffi
I

p

1þ ffiffiffi
I

p � 0:30I

�
(2)

where ADH is the Debye–Hückel constant with the numerical
value of ADH ¼ 0.510 at 25 �C, I is the ionic strength, and z is the
This journal is © The Royal Society of Chemistry 2017
charge of the ion, i.e., 2 for calcium ions.16 The calcium ion
activity in the test solutions was calculated from a linear stan-
dard curve between electrode potential (mV) measured for the
calibration solutions and �log aCa2+ of the calibration solutions
according to the Nernst equation at 25 �C.

Water activity

Water activity, aw, was determined using an Aqua lab CX-2
(Aqua lab, Pullman, WA, USA) at 25.0 � 0.2 �C. The water
activity was determined as the mean of measurements for two
separate solutions. For measurement under conditions of
supersaturation, solutions were prepared by mixing 16.00 g and
20.00 g of solid calcium L-lactate with 12.00 g and 24.00 g of
solid sodium citrate, respectively, and 16.00 g of solid calcium D-
gluconate with 24.00 g of solid sodium citrate, dissolved in 100
mL of water. Water activity was measured in the transparent
solutions and aer 96 h in the solution with precipitate, which
was ltered off prior to measurement.

Dissolution experiments

1. Solid sodium citrate in saturated aqueous calcium L-
lactate. (a) Saturated solutions of calcium L-lactate were
prepared by adding 12.00 g (0.0389 mol) to 100 mL of water and
equilibrating for two hours under constant stirring at 25 �C. The
saturated solution contained 10.5 g (0.340 M) of calcium
L-lactate in equilibrium with a precipitate of 1.5 g (0.0049 mol)
of calcium L-lactate. Aliquots of 13.00 g (0.0442 mol) or 6.00 g
(0.0204 M) of solid sodium citrate were added to the saturated
calcium L-lactate solutions. Supersaturated homogeneous
solutions appeared within approximately 10 minutes of
moderate stirring at 25 �C. The homogeneous solutions were
analysed for total calcium concentration and aer 2, 24, 48, and
72 hours under constant stirring during which period precipi-
tation occurred, and calcium ion activity was determined.

(b) Saturated solutions of calcium L-lactate were prepared by
adding 16.00 g (0.0519 mol) to 100 mL of water and equili-
brating for two hours under constant stirring at 25 �C. The
saturated solution contained 10.5 g (0.340 M) of calcium
L-lactate in equilibrium with a precipitate of 5.5 g (0.0178 mol).
Aliquots of 12.00 g (0.0408 mol), or 24.00 g (0.0816 mol) of solid
sodium citrate were added to the saturated calcium L-lactate
solutions. Supersaturated homogeneous solutions appeared
within approximately 12 minutes of moderate stirring at 25 �C
for the conditions of 12.00 g and 24.00 g added solid sodium
citrate. The homogeneous solutions were analysed for total
calcium concentration and aer 2, 24, 48, and 72 hours under
constant stirring during which period precipitation occurred,
and calcium ion activity was determined.

2. Solid sodium citrate in saturated aqueous calcium
D-gluconate. (a) Saturated solutions of calcium D-gluconate were
prepared by adding 5.00 g (0.0111 mol) to 100 mL of water and
equilibrating for two hours under constant stirring at 25 �C. The
saturated solution contained 4.3 g (0.096 M) of calcium
D-gluconate in equilibrium with a precipitate of 0.70 g (0.0015
mol) of calcium D-gluconate. Aliquots of 13.00 g (0.0442 mol) or
6.00 g (0.0204 mol) of solid sodium citrate were added to the
RSC Adv., 2017, 7, 3078–3088 | 3079
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saturated calcium D-gluconate solutions. Supersaturated
homogeneous solutions appeared within approximately 10
minutes of moderate stirring at 25 �C. The homogeneous
solutions were analysed for total calcium concentration and
aer 2, 24, 48, and 72 hours under constant stirring during
which period precipitation occurred, and calcium ion activity
was determined.

(b) Saturated solution of calcium D-gluconate was prepared
by adding 6.50 g (0.0145 mol) to 100 mL of water and equili-
brating for two hours under constant stirring at 25 �C. The
saturated solution contained 4.3 g (0.096 M) of calcium D-
gluconate in equilibrium with a precipitate of 2.2 g (0.0049
mol). An aliquot of 12.00 g (0.0408 mol) of solid sodium citrate
was added to the saturated calcium D-gluconate solution.
Supersaturated homogeneous solutions appeared within
approximately 30 minutes of moderate stirring at 25 �C. The
homogeneous solution was analysed for total calcium concen-
tration and aer 2, 24, 48, and 72 hours under constant stirring
during which period precipitation occurred, and calcium ion
activity was determined.

3. Solid calcium L-lactate and solid sodium citrate. To
16.00 g (0.0519 mol) of solid calcium L-lactate and 12.00 g
(0.0408 mol) of solid sodium citrate was added 100 mL of water.
A supersaturated homogeneous solution appeared within
approximately 30 minutes of moderate stirring at 25 �C. The
homogeneous solution was analysed for total calcium concen-
tration and aer 2, 24, 48, and 72 hours under constant stirring
during which period precipitation occurred, and calcium ion
activity was determined.

4. Solid calcium D-gluconate and solid sodium citrate. To
6.50 g (0.0145 mol) of solid calcium D-gluconate and 12.00 g
(0.0408 mol) of solid sodium citrate was added 100 mL of water.
A supersaturated homogeneous solution appeared within
approximately 30 minutes of moderate stirring at 25 �C. The
homogeneous solution was analysed for total calcium concen-
tration and aer 2, 24, 48, and 72 hours under constant stirring
during which period precipitation occurred, and calcium ion
activity was determined.

5. Solid sodium citrate in saturated aqueous calcium
citrate. Saturated solution of calcium citrate was prepared by
adding 2.00 g (0.0035 mol) to 100 mL of water and equilibrating
for two hours under constant stirring at 25 �C. The saturated
solution contained 0.100 g (0.00175 M) of calcium citrate in
equilibrium with a precipitate of 1.9 g (0.0033 mol) of calcium
citrate. Aliquot of 24.00 g (0.0816 mol) of solid sodium citrate
was added to the saturated calcium citrate solution. A super-
saturated homogeneous solution appeared within approxi-
mately 45 minutes of moderate stirring at 25 �C. The
homogeneous solution was analysed for total calcium concen-
tration and aer 2, 24, 48, 72, 96, and 168 hours under constant
stirring during which period precipitation occurred, and
calcium ion activity was determined.

6. Minimum sodium citrate to dissolve calcium L-lactate.
Various combinations of calcium L-lactate and sodium citrate
have been investigated in order to nd the minimum sodium
citrate concentration required to dissolve a specied amount of
calcium L-lactate to form maximal supersaturation. The
3080 | RSC Adv., 2017, 7, 3078–3088
following combinations of sodium citrate and calcium L-lactate
were found to result in maximal supersaturation: 16.00 g
(0.0519 mol), 18.00 g (0.0584 mol), or 20.00 g (0.0649 mol) of
solid calcium L-lactate combined with 12.00 g (0.0408 mol),
18.00 g (0.0612 mol), and 24.00 g (0.0816 mol) of solid sodium
citrate, respectively, when for each of these combinations of
calcium L-lactate and sodium citrate, 100 mL of water was
added. The solutions were stored under moderate stirring at
25 �C for a period of 72 hours and analysed for total dissolved
calcium and calcium ion activity was determined. During the
period of 72 hours all solutions were inspected visually and it
was noted when solutions temporally became clear and again
unclear and time was noted for initiation of precipitation.

7. Minimum sodium citrate to dissolve calcium D-gluco-
nate. Various combinations of calcium D-gluconate and sodium
citrate have been investigated in order to nd the minimum
sodium citrate concentration required to dissolve a specied
amount of calcium D-gluconate to form maximal supersatura-
tion. The following combinations of sodium citrate and calcium
D-gluconate have been found to result in maximal supersatu-
ration: 6.50 g (0.0145 mol), 8.00 g (0.0178 mol), or 16.00 g
(0.0357 mol) of solid calcium D-gluconate combined with 6.00 g
(0.0204 mol), 8.00 g (0.0272 mol), and 24.00 g (0.0816 mol) of
solid sodium citrate, respectively, when for each of these
combinations of calcium D-gluconate and sodium citrate, 100
mL of water was added. The solutions were stored under
moderate stirring at 25 �C for a period of 72 hours and analysed
for total dissolved calcium and calcium ion activity was deter-
mined. During the period of 72 hours all solutions were
inspected visually and it was noted when solutions temporally
became clear and again unclear and time was noted for initia-
tion of precipitation.

Association constant and solubility product of calcium citrate
in aqueous solution of unity ionic strength

Association constant for calcium and citrate, and solubility
product for calcium citrate, corrected for complex formation,
were determined for a saturated solution of calcium citrate in
aqueous solution with unity ionic strength, prepared by satu-
ration of 3.0 g in 100mL of water with ionic strength adjusted to
1.0 with KCl. The solution was stored under moderate stirring at
25.0 �C for a period of 48 hours and analysed for total calcium
and calcium ion activity was determined. The sample was
prepared in duplicate.

Calculation of the association constant and the solubility
product of calcium citrate at ionic strength 1.0 at 25 �C was
based on electrochemically determined calcium ion activity
converted to calcium ion concentration, [Ca2+], by eqn (1). The
complex concentration, [CaCitr�], was calculated according to

[CaCitr�] ¼ cCa2+ � [Ca2+] (3)

where cCa2+ is total calcium concentration, determined by EDTA
titration and [Citr3�], the free citrate concentration was calcu-
lated according to

[Citr3�] ¼ cCitr3� � [CaCitr�] (4)
This journal is © The Royal Society of Chemistry 2017
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where cCitr3� is total citrate concentration. The association
constant, Kc, based on concentration dened as

Kc ¼
�
CaCitr�

�
�
Ca2þ

��
Citr3�

� (5)

was calculated using the iterative procedure already described9

resulting in a value of (2.2 � 0.3) � 103 M�1, which is in good
agreement with the value of (2.95 � 0.03) � 103 M�1 found for
aqueous 0.020 M sodium citrate at 25 �C.9

The solubility product, Ksp, for calcium citrate at ionic
strength 1.0 at 25 �C corrected for complex formation was
calculated according to

Ksp ¼ [Ca2+]3[Citr3�]2 (6)

resulting in a value of (7 � 2) � 10�14 M5.
Precipitate from supersaturated solutions of calcium citrate

Precipitates were collected by ltration from equilibrated solu-
tions for all conditions and washed with water and ethanol prior
to air-drying overnight and in an oven at 105 �C until constant
weight. Water loss was calculated as the percentage difference
between the weight of air dried and oven-dried precipitate.
Infrared spectra

Infrared spectra Fourier Transform Infrared (FT-IR) – Attenu-
ated Total Reection (ATR) Spectroscopy FT-IR of the precipi-
tates collected from equilibrated mixed solutions were recorded
with a FT-IR spectrometer (Bomem MB100, ABB, Quebec, Can-
ada) equipped with an ATR attachment. All the spectra were
obtained by accumulation of 64 scans, with resolution of 4
cm�1, at 500–4000 cm�1.
Results and discussion

Supersaturated aqueous solutions were found to be formed
within a few minutes by dissolution of excess calcium L-lactate
or of excess calcium D-gluconate in already saturated aqueous
solutions by addition of solid sodium citrate to each of the two
saturated solutions at a constant temperature of 25 �C. Simi-
larly, for a saturated solution of calcium citrate in water at 25 �C,
addition of solid sodium citrate resulted in continuing disso-
lution of calcium citrate. A signicant supersaturation was
evident in each case, since a precipitate identied by infrared
spectroscopy as calcium citrate was formed subsequently in the
solution with lag phase ranging from 30 min to 2 days for L-
lactate and D-gluconate solutions. For solid calcium citrate,
a similar spontaneous supersaturation has previously been re-
ported for isothermal dissolution in aqueous solutions of
sodium citrate.9 The supersaturation of calcium citrate was
studied with respect to calcium speciation for a moderate
supersaturation of approximately 15% and also for approxi-
mately 50% supersaturation in two series of experiments, both
series including calcium L-lactate and calcium D-gluconate. For
all three hydroxycarboxylates, i.e. L-lactate, D-gluconate, and
citrate, the maximal supersaturation obtained by dissolution of
This journal is © The Royal Society of Chemistry 2017
the solid calcium salts mixed with solid sodium citrate was
determined in separate experiments.

In a saturated solution of calcium L-lactate three ionic
species are dominating according to the dissolution established
as a two-step process

CaLact2 / CaLact+ + Lact� (7)

CaLact+ # Ca2+ + Lact� (8)

where Lact� is the lactate ion and CaLact+ is the 1 : 1 complex
between calcium and lactate. The addition of sodium citrate will
lower the concentration of calcium ions due to a stronger
complex formation by citrate:

Ca2+ + Citr3� # CaCitr� (9)

in effect increasing the solubility of calcium lactate. Citr3� is the
citrate ion and CaCitr� is the 1 : 1 complex. Notably, the
dissolution of excess calcium L-lactate in saturated aqueous
solution by an increasing concentration of citrate from dis-
solving sodium citrate will result in supersaturation with
respect to calcium citrate either as the hexahydrate or tetrahy-
drate depending on temperature:9,17

3Ca2+ + 2Citr3� # Ca3Citr2(s) (10)

No immediate precipitation of any of the calcium citrate
hydrates was observed from these solutions supersaturated in
calcium citrate. However, precipitate was formed with a lag
phase ranging for up to 2 hours depending on the degree of
supersaturation. The speciation of calcium in these supersat-
urated solutions depends on the chemical equilibria of eqn (8)
and (9). Since citrate has a thermodynamic association
constant of 3.6 � 104 at 25 �C for binding calcium compared to
49 for lactate, citrate can be assumed to control the free
calcium ion concentration. The thermodynamic association
constants are valid for ion activities as they were determined
by extrapolation to zero ionic strength.9,15 For the supersatu-
rated solutions with ionic strength higher than unity concen-
tration based association constants will have to replace the
activity based association constants for quantitative calcula-
tions. The use of equilibrium constants determined for 1.0 M
KCl or NaCl seems an acceptable approximation, since ionic
strength in most of the supersaturated and the equilibrated
solutions are close to unity. For the solutions with ionic
strength higher than unity the same constants were used as it
has been shown that calcium salts like calcium nitrate and
calcium chloride have activity coefficients rather constant with
values around 0.33 in the concentration range between 0.7 to
2.0 (molal scale) corresponding to the ionic strength interval
of relevance for the supersaturated calcium hydroxycarbox-
ylate solutions.18,19 The association constant determined at
ionic strength 1.0 for calcium citrate, KaCaCitr ¼ (2.2 � 0.3) �
103 M�1 in the present study and in 1.0 M NaCl for calcium
lactate, KaCaLact ¼ 8 � 2 M�1,9,20 both based on concentrations,
were accordingly used for the calculation of calcium specia-
tion in the supersaturated solutions:
RSC Adv., 2017, 7, 3078–3088 | 3081
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Ca2+ + Citr3� # CaCitr� (11)

corresponding to the equilibrium constant

KaCaCitr ¼
�
CaCitr�

�
�
Ca2þ

��
Citr3�

� ¼ cCa2þ � �
Ca2þ

�
�
Ca2þ

��
cCitr3� � �

CaCitr�
�� (12)

in which cCa2+ is the total calcium ion concentration and cCitr3� is
the total citrate concentration originating from added citrate.
Total calcium ion concentration as determined by EDTA titra-
tion and shown in Tables 1, 2 and 5 is thus equal to the nal
calcium concentration in the supersaturated solutions.

For the ligand exchange reaction

Citr3� + CaLact+ # CaCitr� + Lact� (13)

the ligand equilibrium constant is dened as�
CaCitr�

��
Lact�

�
�
CaLactþ

��
Citr3�

� ¼ KaCaCitr

KaCaLact

(14)

This equation together with three mass balance equations

[CaCitr�] + [CaLact+] ¼ cCa2+ � [Ca2+] (15)

[Lact�] ¼ 2cCa2+ � [CaLact+] (16)

[Citr3�] ¼ cCitr3� � [CaCitr�] (17)

and the equation for electroneutrality

[Na+] + [CaLact+] + 2[Ca2+] ¼ [CaCitr�] + 3[Citr3�] + [Lact�]
(18)

contains ve unknowns. The ve unknowns, [Ca2+], [CaLact+],
[CaCitr�], [Lact�], and [Citr3�] were determined for each
experiment from the ve eqn (14)–(18) by an iterative procedure
starting with an initial estimate of [Ca2+] similar to the calcu-
lations preformed for the calcium saccharate/gluconate equi-
libria.21 The equilibrium concentrations for the supersaturated,
homogeneous solutions not taking the precipitation equilibria
into account, are presented in Table 1. The ionic products, Q,
for each of the two salts

QCaLact ¼ [Ca2+][Lact�]2 (19)

QCaCitr ¼ [Ca2+]3[Citr3�]2 (20)

calculated for each solutions are included in Table 1 together
with ionic strength calculated from

I ¼ 1/2(22[Ca2+] + [Na+] + [CaLact+] + [CaCitr�]
+ [Lact�] + 32[Citr3�]) (21)

Similar calculations were done for the supersaturated solu-
tions emerging from continuing dissolution of calcium
D-gluconate in already saturated aqueous solutions of calcium
D-gluconate or by simultaneous dissolution of calcium
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D-gluconate and sodium citrate in water see Table 2, using
KaCaGl ¼ 14 � 3 M�1 as determined in 1.0 M NaCl.20

It should be evident from Table 1, by a comparison of the
values of QCaCitr with the solubility product, KspCaCitr ¼ (7� 2)�
10�14 M5, determined for unity ionic strength, that all solutions
are strongly supersaturated in calcium citrate. The solutions are
to a varying degree saturated with calcium L-lactate as seen by
a comparison of QCaLact with KspCaLact ¼ (5.8 � 0.2) � 10�3 M3

valid for unity ionic strength.20

The robustness of supersaturated solutions of the calcium
salts, important for biomineralization dynamics, was quantied
by the length of the lag phase prior to initiation of precipitation.
For the most robust solutions precipitation occurred within 24
or 48 hours, while for the less robust solutions, the precipitation
occurred following 30 min of storage. All the supersaturated
solutions showed precipitation aer some time and in each case
the precipitate isolated from the solution was identied as
calcium citrate by infrared spectroscopy. The calcium content in
solution was followed by EDTA titration and when constant, the
iterative calculations were repeated for the equilibrium condi-
tions with the adjusted calcium concentration and corrected
citrate concentration. Citrate concentration, ccrcitr3� , was cor-
rected for the part of the total citrate precipitated as calcium
citrate

ccr
Citr3� ¼ cCitr3� � c

pr

Citr3�
¼ cCitr3� � 2=3

�
cCa2þ � c

eq

Ca2þ
�

(22)

cpr
citr3� is precipitated citrate and ceqCa2þ is total calcium in the
equilibrated solution determined by EDTA titration. All equi-
librium concentrations of the calcium L-lactate sodium citrate
solutions with precipitation of calcium citrate are shown in
Table 3, and for the calcium D-gluconate sodium citrate solu-
tions in Table 4.

The supersaturation of the calcium L-lactate sodium citrate
solutions was conrmed in all cases since precipitation of
calcium citrate was found to be initiated in a few hours. The
ionic product QCaCitr as dened in eqn (20) should accordingly
be compared with the solubility product, which is not known for
the actual high ionic strengths conditions. The value Ksp ¼ 7 �
10�14 M5 for calcium citrate determined for unity ionic strength
at 25 �C in the present study will probably be higher than the
solubility product valid in these solutions with insignicant
water for hydration of ions. A similar conclusion is reached for
the equilibrium calcium D-gluconate sodium citrate solution.
For both calcium L-lactate and calcium D-gluconate solutions
supersaturated through dissolution of sodium citrate, precipi-
tation of calcium citrate will lower the ionic product QCaCitr,
which for both the L-lactate and D-gluconate solution becomes
comparable with the solubility product for calcium citrates as
may be seen from Tables 3 and 4, respectively. It should also be
noted, that the ionic product of calcium L-lactate is less than the
solubility product, which is �1 � 10�3 M�3 for the equilibrated
solutions, see Table 3. From Table 4 it may further be seen, that
the ionic product also is lower than the solubility product for
calcium D-gluconate, which is 5 � 10�5 M�3. The solutions with
calcium citrate precipitation are accordingly not supersaturated
with calcium L-lactate or with calcium D-gluconate. Presence of
T
a
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Table 5 Supersaturated aqueous solutions of calcium citrate at 25 �C as formed by dissolution of calcium citrate in an already saturated solution
of calcium citrate by addition of solid sodium citrate, and equilibrated solutions after subsequent precipitation of calcium citrate

Total Ca2+ in
solution/M

Total
citrate/M

Citrate
added/M

Calcium ion
activity [Ca2+]/M [CaCit�]/M [Citr3�]/M I

Q ¼
[Ca2+]3[Citr3�]2

Calcium citrate
supersaturated

0.086 � 0.001 0.8730 �
0.0005

0.816 (2.15 � 0.02)
� 10�5

(4.96 � 0.04)
� 10�5

(8.5 � 0.1)
� 10�2

0.7875 �
0.0002

4.811 �
0.001

(7.5 � 0.2)
� 10�14

Calcium citrate
equilibrium

0.052 � 0.001 0.828 �
0.001

0.816 (1.08 � 0.02)
� 10�5

(3.0 � 0.1)
� 10�5

(5.1 � 0.1)
� 10�2

0.7762 �
0.0001

4.743 �
0.001

(1.7 � 0.1)
� 10�14

Fig. 1 Calcium concentration in 100 mL of water during dissolution of
16.00 g of solid calcium L-lactate mixed with 12.00 g of sodium citrate,
and of 6.50 g of calcium D-gluconate mixed with 12.00 g of sodium
citrate under constant stirring at 25 �C, followed by precipitation of
calcium citrate.
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other hydrates or polymorph forms prior to equilibrium could
also be established.22 However, for calcium citrate, the other
hydrate of relevance is calcium citrate hexahydrate, which has
a lower not higher solubility.9

For a saturated solution of calcium citrate in water, addition
of sodium citrate results in a continuing dissolution of calcium
citrate. This somewhat surprising observation is, however, in
agreement with previous ndings9 and is in parallel to the
observations for calcium L-lactate and calcium D-gluconate. The
stoichiometry of citrate assisted dissolution

Ca3Citr2(s) / 2CaCitr� + Ca2+ (23)

Ca2+ + Citr3� # CaCitr� (24)

Ca3Citr2(s) + Citr3� # 3CaCitr� (25)

helps to identify the critical step for the supersaturation. The
free calcium ion concentration needs now to be calculated
according to the equilibrium

CaCitr�

cCa2þ � �
Ca2þ

�# Ca2þ�
Ca2þ

� þ Citr3��
Ca2þ

�� 1=3cCa2þ þ cCitr3�
(26)

where again cCitr3� is added sodium citrate concentration. For
the equilibrium constant

KaCaCitr ¼
cCa2þ � �

Ca2þ
�

�
Ca2þ

���
Ca2þ

�� 1=3cCa2þ þ cCitr3�
� (27)

with cCa2+ as the total calcium ion concentration, the free
calcium [Ca2+] ion concentration was calculated from the
resulting quadratic equation

Ka[Ca
2+]2 + [Ca2+](1 � 1/3cCa2+Ka + KacCitr3�) � cCa2+ ¼ 0 (28)

From the mass balance equations

[CaCitr�] ¼ cCa2+ � [Ca2+] (29)

[Citr3�] ¼ cCitr3� � [CaCitr�] ¼ 2/3cCa2+ + cCitr3� � [CaCitr�]
(30)

the two other equilibrium concentrations, [CaCitr�], and
[Citr3�], were now calculated from eqn (29) and (30), followed by
calculation of the ionic product QCaCitr from eqn (20). The
calculations were identical for the supersaturated solutions and
the equilibrated solutions with reprecipitated calcium citrate
except for the corrected total calcium concentration determined
This journal is © The Royal Society of Chemistry 2017
by titration. The ionic product is clearly larger than the solu-
bility product showing that the homogeneous solutions formed
aer addition of sodium citrate is becoming supersaturated
with respect to calcium citrate. Aer reprecipitation, the ionic
product is comparable to the solubility product previously
determined, see Table 5, and the solution accordingly
saturated.

Citrate has been found to dissolve excess of the calcium L-
lactate, calcium D-gluconate, and calcium citrate in already
saturated solutions of these calcium hydroxycarboxylates
forming strongly supersaturated solutions in calcium citrate.
From the supersaturated solutions, calcium citrate precipitates
reaching solubility equilibrium, see Fig. 1. The precipitation
results in an over-all increase in water activity, see Fig. 2. The
increase in water activity may be explained simply by the less
dissolved ion concentration for water binding. The calcium
citrate supersaturation depends on two factors: (i) the relative
strength of complex binding between citrate as ligand assisting
the dissolution and the other hydroxycarboxylate ligand, and (ii)
the initiation of precipitation of calcium citrate. This balance
was investigated by a determination of the minimum amount of
sodium citrate required for dissolution of a xed amount of
calcium L-lactate or calcium D-gluconate. Under specied
conditions described in Experimental section, the degree of
RSC Adv., 2017, 7, 3078–3088 | 3085
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Fig. 2 Water activity, aw of supersaturated and equilibrated solutions
of calcium citrate at 25 �Cmade by dissolution of calcium L-lactate and
sodium citrate or by dissolution of calcium D-gluconate and sodium
citrate in 100 mL of water.

Fig. 4 Lag phase for initiation of precipitation of calcium citrate in
supersaturated solutions made by dissolution of calcium L-lactate by
sodium citrate in water at 25 �C. Ca2+max/Ca

2+
eq is the degree of

supersaturation determined by titration of Ca2+ in maximal supersat-
urated solution. Curve is based on fitting to an exponential equation to
yield: time ¼ 3.09 exp(�Ca2+max/Ca2+eq/4.33) + 0.44 (all points except
point for supersaturation degree of 12).
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supersaturation for increasing added sodium citrate may be
seen in Fig. 3. As may be seen from this gure, the supersatu-
ration is rather signicant especially for calcium L-lactate. For
calcium D-gluconate the supersaturation was found less
dependent on excess citrate due to the smaller difference
between the association constant for binding of calcium to
gluconate relative to binding to citrate compared to the differ-
ence between the association constant for binding of calcium to
lactate relative to binding to citrate. For calcium citrate this
thermodynamic factor almost vanishes, and the supersatura-
tion depends on kinetics as from the smaller degree of
supersaturation.

The lag phase for initiation of precipitation was studied by
visual inspection for calcium L-lactate, for which the largest
supersaturation was detected, see Fig. 3. The length of the lag
phase seems to decrease exponentially with an increasing
degree of supersaturation, see Fig. 4. For extrapolation to
Fig. 3 Calcium citrate supersaturation expressed as a degree of
supersaturation Ca2+max/Ca

2+
eq after adding solid sodium citrate to

calcium L-lactate, calcium D-gluconate, or to calcium citrate.

3086 | RSC Adv., 2017, 7, 3078–3088
innity supersaturation the length of the lag phase gets close to
zero with an extrapolated value of 0.4 � 0.1 hours, as would be
expected. Similarly an extrapolation to little or no supersatura-
tion yield a very long lag phase tending to approach innity as
also is to be expected. For calcium D-gluconate sodium citrate
solutions, the length of the lag phase was larger and apparently
less dependent on the degree of supersaturation. This obser-
vation, which could indicate formation of mixed D-gluconate/
citrate complexes of calcium could be important for formula-
tion of supplements with high bioavailability and will later be
studied in more details.

The maximal supersaturation of calcium citrate found for
dissolution of calcium L-lactate by citrate depends linearly on
the concentration of sodium citrate used for the dissolution, see
Fig. 3. Dissolution of calcium L-lactate by citrate is suggested to
depend on a mechanism entailing binding of citrate to the
surface of solid calcium L-lactate and accordingly to appear as
a zero-order reaction with a constant rate depending on the
excess concentration of sodium citrate used

CaLact2(s) + Citr3� / CaCitr� + 2Lact� (31)

The total calcium concentration, cCa2+, accordingly increases
linearly from the initial calcium concentration, coCa2þ , with time
as

cCa2þ ¼ co
Ca2þ ¼ kcCitr3� t (32)

where k is an unknown constant depending on surface prop-
erties of the calcium salt and t is a time of dissolution. The
length of the lag phase for initiation of precipitation of calcium
citrate decreases exponentially with increasing total calcium
dissolved, see Fig. 4. The initiation of precipitation will limit the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Increasing calcium concentration during dissolution of calcium
L-lactate in aqueous solution of sodium citrate with three different
concentrations. The intersection with the time curve for initiation of
precipitation as dependent on calcium concentration indicates the
maximal supersaturation for each concentration of citrate.
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degree of supersaturation. The information from Fig. 3
combined with the information from Fig. 4 in amore qualitative
way yields the over-all picture as shown in Fig. 5. In this gure
the linear increase of calcium in citrate assisted dissolution
above the initial solubility of calcium lactate, coCa2þ , is depicted
for three citrate concentrations. The time for initiation of
precipitation increasing with decreasing calcium concentration
intersect with the dissolution curves dening the maximal
supersaturation possible for this specic citrate concentration.
To a fair approximation, this supersaturation depends linearly
on the citrate concentration as conrmed by the experimental
data shown in Fig. 3 for calcium L-lactate. The situation for
calcium D-gluconate is different as the lag time for initiation of
precipitation is longer and the supersaturation seems to be less
dependent on the added citrate concentration, see Fig. 3.
Conclusions

Citrate has been shown to assist dissolution of calcium
hydroxycarboxylates forming supersaturated solution of
calcium citrate. This effect is most remarkable for dissolution of
calcium citrate and helps to explain the high bioavailability of
calcium from this sparingly soluble calcium salt. The effect is,
however, more dramatic for dissolution of calcium L-lactate and
calcium D-gluconate for which very high degrees of robust
supersaturation were demonstrated. The robustness of the
supersaturated solutions seems to depend on a slow precipita-
tion of calcium citrate. The presence of citrate in calcied tissue
has now been recognized.7,8 The demonstration of the assis-
tance of citrate in spontaneous supersaturation phenomena
occurring by isothermal dissolution against a concentration
gradient explains important part of biomineralization
dynamics. This perspective of spontaneous supersaturation
This journal is © The Royal Society of Chemistry 2017
needs also to be studied for higher temperatures as they are
relevant for physiological conditions in the human body. The
temperature dependence for these phenomena should also be
extended to the elevated temperatures as are used during dairy
processing. Other factors could also be considered and further
investigated such as pH as they could affect solubility of calcium
salts.22 The recognition of this unique role of citrate also opens
up for novel design of better calcium supplements and foods for
special needs for individuals with low calcium uptake, like
elderly with high risk of developing osteoporosis.
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