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Increasing calcium phosphate aqueous solubility and spontaneous 
supersaturation combining citrate and gluconate with perspectives for 
functional foods 

Andressa de Zawadzki , Xiao-Chen Liu , Lilia M. Ahrné , Leif H. Skibsted * 
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A B S T R A C T   

Uptake of calcium from food depends on solubility of calcium salts in the intestines, and precipitation of calcium 
phosphates decreases bioaccessibility of food calcium. Citrate as a high affinity complex binder for calcium was 
found spontaneously to create strongly supersaturated solutions by rapid dissolution of calcium hydrogen 
phosphate characterized by short lag phases for precipitation. Gluconate with weaker affinity for calcium binding 
showed longer lag phases for precipitation from supersaturated solutions. For citrate/gluconate combinations, 
the highest degree of supersaturation with longest lag phases for precipitation were found by trial-and-error 
experiments for a citrate/gluconate ratio of 1:10 for dissolution of calcium hydrogen phosphate resulting in 
supersaturation factors around three and without precipitation for more than a month. The aim of the present 
study was to provide a physicochemical explanation of this robust supersaturation. Calcium speciation based on 
electrochemical calcium activity measurement identified a low [Ca2+]⋅[HCitr2− ] product as critical for 
supersaturation.   

1. Introduction 

During digestion of food at the low pH of the stomach, calcium is 
liberated from the chyme and calcium is subsequently absorbed in 
competition with precipitation as calcium phosphates and calcium car-
bonate under the neutral to alkaline conditions of the intestines. Pre-
cipitation of calcium salts in the intestines is lowing the bioavailability 
of this essential nutrient from many foods (Bronner, 1987). Calcium is 
absorbed both by paracellular diffusion and by a saturable transcellular 
mechanism depending on vitamin D (Diaz de Barboza, Guizzardi, & 
Tolosa de Talamoni, 2015). Both absorption mechanisms, of which the 
paracellular seems to be the most important, depends on the concen-
tration of free calcium in the chyme. The free calcium concentration 
needs to be above the mmol/L level found in the extracellular fluid 
behind the epithelium, a requirement which seems to depend on su-
persaturation in the chyme of calcium salts of low solubility like the 
phosphates under neutral or alkaline conditions (Skibsted, 2016). 
Currently, calcium binding to peptides is being explored as a method to 
improve bioaccessibility of calcium (Li et al., 2021; Zhao, Huang, Cai, 
Hong, & Wang, 2014), a method that has drawbacks such as risk of 
subsequent dissociation of calcium. 

Hydroxycarboxylate salts like sodium citrate are known to increase 
solubility of calcium salts of low solubility spontaneously forming 
strongly supersaturated solutions (de Zawadzki & Skibsted, 2020). In 
milk calcium complexes of citrate together with the caseinates are 
important for the resistance against precipitation of calcium phosphates. 
Lime juice rich in citrate has also recently been found to enhance bio-
accessibility of calcium from snacks enriched with whey mineral resi-
dues (Wang, Aalaei, Skibsted, & Ahrné, 2020a; Wang, Aalaei, Skibsted, 
& Ahrné, 2020b). 

Calcium gluconate forms supersaturated solutions with extreme long 
lag phase for precipitation apparently due to slow ligand exchange re-
actions in the calcium coordination sphere (Garcia, Hansen, Bailey, & 
Skibsted, 2020). In agreement with this finding, gluconate was recently 
demonstrated to improve mechanical properties of calcium composites 
for bone filling due to properties related to such stable calcium gluco-
nate complexation (Ding et al., 2021). The importance of citrate for 
human bone resorption has been demonstrated through a clear corre-
lation of the calcium absorption in bones with the level of circulating 
citrate (Hartley et al., 2020). This positive effect of citrate on calcium 
absorption seems related to the unique crystallization behavior and 
interaction of the different calcium citrate hydrates (Kaduk, 2018; Liu, 
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Kirkensgaard, & Skibsted, 2021). Complexation synergism between 
gluconate and citrate has also been suggest as important for the effi-
cience of novel environment friendly household commodities like 
bathroom cleaners invented for replacement of cleaners based on strong 
mineral acids (Zeiler, da Silva, Romain, & Schäfer, 2020). 

The combination of citrate and gluconate may accordingly, when 
added to beverages and foods rich in calcium, prevent precipitation of 
calcium phosphates in the intestines through supersaturation enhancing 
calcium absorption with the perspectives of formulating novel func-
tional foods with high calcium bioaccessibility. This hypothesis of syn-
ergism between prevention of precipitation from supersaturated 
solubility of calcium phosphates by citrate and gluconate is the back-
ground for the present investigation of dissolution of calcium hydrogen 
phosphate in aqueous solutions with focus on the time dependent 
changes in speciation of calcium complexes prior to and during pre-
cipitation of calcium citrate. The practical application seems rather 
straightforward as food grade calcium hydrogenphosphate, sodium 
gluconate and sodium hydrogenphosphate all are available. 

2. Materials and methods 

2.1. Materials 

Calcium hydrogen phosphate dihydrate (CaHPO4⋅2H2O), sodium 
hydrogen citrate sesquihydrate (Na2HCitr⋅1.5H2O), D-gluconic acid so-
dium salt (NaGlu), phosphorus standard for ICP (9992 ± 20 mg L-1), 
calcium standard for ICP (10005 ± 20 mg L-1) and nitric acid 65% 
Suprapur®, were all from Sigma-Aldrich (Steinheim, Germany). Cal-
cium chloride dihydrate was from Merck KGaA (Darmstadt, Germany). 
All solutions were prepared with water purified by a Milli-Q Plus puri-
fication station (Millipore Corporation, Bedford, MA). Q-Max RR syringe 
filters (membrane: 0.22 μm cellulose acetate, filter diameter: 13 mm) 
were obtained from Frisenette ApS (Knebel, Denmark). 

2.2. Combinations of sodium hydrogen citrate and gluconate for 
dissolution of CaHPO4⋅2H2O 

The critical amount of hydroxycarboxylates, citrate plus gluconate, 
necessary for dissolving CaHPO4⋅2H2O was estimated through experi-
ments based on visual inspection. Varying amounts of CaHPO4⋅2H2O 
and the hydroxycarboxylates in different ratios were used to identify the 
most suitable combinations for spontaneous supersaturation. The molar 
ratios between the hydroxycarboxylates citrate and gluconate used in 
these experiments were Na2HCitr/NaGlu 10:1, Na2HCitr/NaGlu 1:1, and 
Na2HCitr/NaGlu 1:10. Solutions were classified according to their effi-
ciency in dissolving CaHPO4⋅2H2O without residual tubidity as critical 
or homogeneous. Solutions were classified as homogeneous when initial 
suspensions transformed into clear solutions in less than 2 h. Critical 
combinations were defined as the minimum amount of total hydrox-
ycarboxylates necessary to dissolve a specific amount of calcium 
hydrogen phosphate resulting in complete dissolution, but without the 
capacity of the solutions to dissolve further CaHPO4⋅2H2O, as was tested 
in each case. 

2.3. Equilibrating supersaturated solutions for speciation 

Homogeneous supersaturated solutions of CaHPO4⋅2H2O in aqueous 
Na2HCitr/NaGlu were selected to be analyzed by electrochemical 
measurements of calcium and hydrogen ion activity and for total cal-
cium and phosphorous by Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP-OES). Flasks containing 9.8 × 10-2 mol CaH-
PO4⋅2H2O were initially equilibrated at 25 ℃ for 2 h prior to addition of 
appropriate amounts of hydroxycarboxylate solutions with different 
ratios between Na2HCitr and NaGlu. For these initially homogeneous 
solutions, concentrations were 1.1 mol L-1 / 0.11 mol L-1 corresponding 
to Na2HCitr/NaGlu ratio of 10:1; 0.91 mol L-1 / 0.91 mol L-1 

corresponding to a Na2HCitr/NaGlu ratio of 1:1 and 0.22 mol L-1 / 2.2 
mol L-1 corresponding to a Na2HCitr/NaGlu ratio of 1:10. For more than 
one month, these solutions were incubated under magnetic stirring at 25 
℃ and their calcium ion activity and pH were measured daily, and ali-
quots were collected for determination of concentrations of calcium and 
phosphorous by ICP-OES. The critical supersaturated solutions were 
established by dissolving increasing amounts of CaHPO4⋅2H2O in solu-
tions of sodium hydrogen citrate and sodium gluconate with ratio of 
1:10, 1:1 or 10:1. For the solutions, which could not dissolve more 
CaHPO4⋅2H2O, the amount was noted and characterized as critical 
supersaturation. 

2.4. Electrochemical determination of free calcium 

Free calcium was estimated from measurement of calcium ion ac-
tivity using a calcium ion selective electrode ISE25Ca with a reference 
REF251 electrode from Radiometer (Copenhagen, Denmark). Calcium 
chloride solutions with concentrations of 1.00 × 10-4, 1.00 × 10-3, 1.00 
× 10-2 mol L-1 were used as standards for the calibration of the electrode. 
Calcium ion activity aCa2+ in the equilibrated solutions was obtained 
using the Nernst equation as a linear standard curve of the potential 
(mV) against the corresponding log(aCa2+). For conversion between 
concentration and activity in the standard curve: 

aCa2+ = cCa2+ × γ2+ (1) 

the activity coefficient γz+ was determined according to Davies’ 
equation, as previously described (Vavrusova, Danielsen, Garcia, & 
Skibsted, 2018). Activity is dimensionless, and concentration should be 
divided by c0 = 1 mol L− 1 as the calcium concentration of the standard 
state. c0 has as been omitted for clarity throughout the paper. 

2.5. pH measurement 

A pH meter (713 pH Meter, Metrohm, Herisau, Switzerland) with a 
glass electrode (602 Combined Metrosensor glass electrode, Metrohm, 
Herisau, Switzerland) was used for pH measurements (de Zawadzki & 
Skibsted, 2019). 

2.6. Ion coupled plasma optical emission spectrometry (ICP-OES) 

Along all the equilibration period, samples were collected and 
filtered using syringe filters (pore size 0.22 μm). The filtered samples 
(10 μL) were diluted to 10 mL in 5% HNO3, and subsequently analyzed 
by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP- 
OES) with an Agilent 5100 ICP-OES (Santa Clara, CA, USA) (de 
Zawadzki & Skibsted, 2019). 

2.7. Ion speciation calculations 

The individual concentrations of ions in the supersaturated solutions 
were determined following formulation of expression of mass action law 
for the relevant twelve chemical equilibria together with equations for 
electroneutrality and total mass balance as mathematical expressions 
(de Zawadzki & Skibsted, 2019). Concentration of each of the com-
pounds was identified by a variable and the parameters for the indi-
vidual equilibrium constants were obtained from literature. 
Mathematical equations were solved using the software Matlab ® 
R2019a (The MathWorks, Inc; US) by implementing iterations in order 
to obtain constant ionic strength (δ less than 0.001 as criterion for 
minimum variation), as previously described (Garcia, Vavrusova, & 
Skibsted, 2018). Iteration was initiated using an ionic strength of I = 1.0 
(Liu et al., 2021), from which activity coefficients were calculated. From 
the total concentration of calcium, phosphate, and hydroxycarboxylate 
and the equilibrium constants, the ion speciation was subsequently 
calculated, followed by a new value for ionic strength, see Fig. 1. 
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The numerical values for the equilibrium constants for the relevant 
chemical equilibria are presented in Fig. 2 (Bates & Pinching, 1949; 
Daniele, Foti, Gianguzza, Prenesti, & Sammartano, 2008; Davies & 
Hoyle, 1953; Nims, 1933; Nims, 1934; Skibsted & Kilde, 1971; Vavru-
sova, Garcia, Danielsen, & Skibsted, 2017; Vavrusova & Skibsted, 2014). 
Total concentrations of calcium (tCa) and phosphate (tP) were obtained 
by ICP. Total citrate concentration (tCitr) and total gluconate concen-
tration (tGlu) were obtained from the amount of the sodium salts added. 
Any precipitate formed was shown to be calcium citrate Ca3Citr2⋅6H2O 
as described below. Consequently, for the solutions where precipitation 
occurred, total citrate in solution was calculated from the added citrate 
minus 2/3 of the precipitated calcium ([Ca2+]MAX - [Ca2+]ICP). Total 
sodium (tNa) concentration was obtained as the sum of the total molar 
concentration of sodium hydrogen citrate and sodium gluconate salt 
added. 

The equilibrium constants were selected from literature for unity 
ionic strength conditions and corrected using the activity coefficients at 
the actual ionic strength occurring during iteration based on the Gug-
genheim equation, which provides good agreement with experimental 
data as shown for CaCl2 (Rard & Clegg, 1997). The constants valid at the 
actual ionic strength were used for numerical solutions for the ion 
speciation equations together with the measured pH and calcium ion 
activity. 

Due to the high concentration of hydroxycarboxylate and sodium, 
solutions had high ionic strength outside the region where Davies 
equation provides a good estimation for the activity coefficients as used 
in our previous work. The activity coefficients were throughout the 
present study calculated using the Guggenheim equation (Baezabaeza & 
Ramisramos, 1996), which is a Debye-Hückel extended equation often 
used at high ionic strength and defined as: 

logγz+ = − 0.51z2
̅̅
I

√
/(1 + 1.5

̅̅
I

√
) (2) 

with the ionic strength defined as 

I =
1
2
∑

i
ciz2

i (3)  

where ci is the concentration of the individual ions, and zi is the charge. 
The equilibrium constant for the weak association of Na+ to gluconate 
ions is expected to be very small and the association was neglected in the 
calculations of ion speciation. 

3. Results and discussion 

In the present work, the slightly soluble calcium hydrogen phosphate 
was found to dissolve easily in aqueous solutions of sodium salts of the 
two hydroxycarboxylates citrate and gluconate spontaneously forming 
strongly supersaturated solutions. Combinations of the isomers citrate 
and isocitrate and between gluconolactone and its hydrolysis product, 
gluconate, were previously demonstrated to be more efficient in 
enhancing supersaturation of calcium and in prolonging the lag phase 
for precipitation when compared to each compound alone (Cheng, 
Garcia, Tang, Danielsen, & Skibsted, 2018; de Zawadzki & Skibsted, 
2019, 2020). Synergistic effects between different hydroxycarboxylates 
with different structures have now in the present study been further 
investigated in order to provide inspiration for practical application of 
the phenomenon of spontaneous supersaturation by the food industry in 
the design of products with improved calcium availability. Calcium 
citrate supersaturation with long lag time for precipitation was already 
demonstrated for the dissolution of solid calcium gluconate together 
with solid sodium citrate (Vavrusova et al., 2017). In this perspective, 
we present the effect of combining citrate with gluconate to dissolve 
calcium hydrogen phosphate and through supersaturation to overshoot 
the solubility of this important calcium nutrient with a low bioavail-
ability hampering absorption. 

3.1. Critical conditions for supersaturation 

Combinations of sodium hydrogen citrate and sodium gluconate in 
different ratios and concentrations were investigated by visual inspec-
tion to determine the critical conditions for spontaneous supersaturation 
of calcium from calcium hydrogen phosphate. Addition of more CaH-
PO4⋅2H2O will transform the critical homogeneous solution into a het-
erogeneous two phase suspension, as shown as black squares in Fig. 3. 
Series of dissolution experiments were performed varying the amount of 
solid CaHPO4⋅2H2O and of soluble sodium hydrogen citrate plus sodium 
gluconate, see Fig. 3. The initial supersaturation was evidenced by for-
mation of homogeneous transparent solutions followed by precipitation 
after a lag phase of various lengths. The precipitate was in all cases 
calcium citrate as was confirmed by the calcium and phosphorous 
analysis. 

The critical combinations between calcium hydrogen phosphate and 
the dissolving hydroxycarboxylates were expressed in terms of total 
hydroxycarboxylates, [HC]total. The concentrations of total hydrox-
ycarboxylates required for dissolving calcium from various amount of 
CaHPO4⋅2H2O yielding critical supersaturated solutions with Na2HCitr/ 
NaGlu in a ratio 1:10 was found to be:  

[Ca2+] = (0.072 ± 0.009) [HC]total + 0.001                                         (4) 

as seen in Fig. 3A. 
For the combination Na2HCitr/NaGlu with a ratio of 1:1, the critical 

amount of total hydroxycarboxylates required for dissolution of CaH-
PO4⋅2H2O yielding critical supersaturated solutions was found to be:  

[Ca2+] = (0.072 ± 0.004) [HC]total + 0.002                                         (5) 

as seen in Fig. 3B. 
For the combination Na2HCitr/NaGlu with the ratio of 10:1, the 

critical concentrations of total hydroxycarboxylates required for 

 

Input: the known and measured
concentrations, related equilibria
constants, and assumed ionic
strength, I

Activity coefficient calculation for each ion 
by an extended Debye-Hückel equation, like 
the Guggenheim  equation 

Calculation of concentrations of each ion by
combining mass action laws and mass
balances

Calculation of value for ion strength Inew.

Inew = I

Output: concentrations and 
activities for all ions

Yes

No

Start

End

I=Inew

Fig. 1. Flowchart for iterative speciation calculation.  

A. de Zawadzki et al.                                                                                                                                                                                                                          



Food Chemistry 374 (2022) 131701

4

Fig. 2. Equations for calculation of ion speciation.  
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dissolving calcium from CaHPO4⋅2H2O yielding critical supersaturated 
solutions were found to be:  

[Ca2+] = (0.139 ± 0.005) [HC]total + 0.002                                         (6) 

as seen in Fig. 3C. 
The critical amount of total hydroxycarboxylates required for dis-

solving the same amount of calcium hydrogen phosphate was found to 
be two times lower in excess of hydrogen citrate (ratio Na2HCitr/NaGlu 
of 10:1) in comparison to the conditions of excess of gluconate or 
equimolar concentrations of Na2HCitr and NaGlu. Hydrogen citrate is 
acidic and dissolves CaHPO4⋅2H2O according to  

CaHPO4⋅2H2O + HCitr2− →CaCitr− + H2PO4
− + 2H2O                     (7) 

in which reaction the Citr3− formed in acid/base equilibria also acts 
as a complex binder. In contrast gluconate only acts as a complex binder 
in effect being less efficient for the dissolution of CaHPO4⋅2H2O. 
Dissolution of CaHPO4⋅2H2O by combinations of sodium hydrogen cit-
rate/sodium citrate (Na2HCitr/Na3Citr) and sodium hydrogen citrate/ 
sodium isocitrate (Na2HCitr/Na3IsoCitr) both in a ratio of 1:1 showed a 
similar difference in dependence on total hydroxycarboxylate (de 
Zawadzki et al., 2020). The amount of total hydroxycarboxylates 

necessary to dissolve calcium from CaHPO4⋅2H2O was found to be two 
times lower using Na2HCitr/Na3Citr in a 1:1 ratio in comparison to using 
equimolar concentrations of Na2HCitr and sodium isocitrate (Na2HCitr/ 
Na3IsoCitr). Notable, this difference shows that the complex formation 
also is important for the dissolution, since isocitrate forms weaker 
complexes with calcium (Kass = 6.95 × 103) than citrate with Kass =

4.96 × 104 (Cheng et al., 2018). Gluconate forms even weaker com-
plexes with calcium with Kass = 88 L mol− 1, and can for equilibrium 
conditions only compete in binding calcium at gluconate concentrations 
significantly larger than citrate concentrations. However, kinetic aspects 
also need to be considered. 

3.2. Precipitation from supersaturated solutions 

Different conditions for spontaneous supersaturation of calcium from 
calcium hydrogen phosphate in the presence of hydrogen citrate and 
gluconate produced supersaturated solutions with different degrees of 
supersaturation and with different length of the lag phase prior to pre-
cipitation. The supersaturated solutions were characterized by electro-
chemical measurement of calcium and hydrogen ion activity and by 
measurement of total calcium and phosphate concentration using ICP 
during the lag phase prior to precipitation began and during 
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Fig. 3. Critical combination (red line) of CaHPO4⋅2H2O and Na2HCitr/NaGlu for formation of supersaturated solutions in 100 mL of water at 25 ℃ as found by visual 
inspection. Two phase systems are represented by ■ (in black); critical combinations for formation of homogeneous supersaturated solutions are indicated by ● (in 
red); the systems for which homogeneous supersaturated solutions were formed are indicated by▴ (in blue). Speciation of the homogeneous supersaturated solution 
marked with □ was followed for one month, as seen in Table 1. (A) Na2HCitr/NaGlu ratio of 1:10, (B) Na2HCitr/NaGlu ratio of 1:1, (C) Na2HCitr/NaGlu ratio of 10:1. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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precipitation. For Na2HCitr/NaGlu ratios of 10:1, 1:1, and 1:10, homo-
geneous supersaturated solutions (Fig. 4) were followed for 6 weeks. The 
solutions selected for analysis of speciation during the lag phase and 
precipitation may be identified in Fig. 3, where they are marked with a 
special signature (□). 

A very short lag phase of a few hours was observed in the supersat-
urated solution with excess of citrate as observed for the homogeneous 
solution. The combination using equimolar amounts of citrate and glu-
conate had a lag phase for precipitation of 9 days, while the combination 
with excess of gluconate was not found to precipitate for up to 6 weeks. 
Comparable results were found for the critically supersaturated 
solutions. 

Notably, the lag phase for precipitation was found to increase for 
increasing concentrations of gluconate relative to citrate. This result is in 
agreement with results from a previous study that gluconate increases 
the lag phases for precipitation when combined with citrate in com-
parison with combining citrate with other hydroxycarboxylates (Vav-
rusova et al., 2017). Supersaturated solutions formed combining 
calcium gluconate with sodium citrate were found to have longer lag 
phase for precipitation in comparison with supersaturated solutions 
formed from calcium lactate and citrate. Such differences were 

explained by the relative strength of complex binding between 
hydroxycarboxylates and calcium. 

Gluconate contributes to dissolution of CaHPO4: 

CaHPO4.2H2O+Glu− ⇌CaGlu+ +HPO2−
4 + 2H2O (8) 

and the present concentration of gluconate has been found to over-
shoot calcium gluconate solubility yielding supersaturated solutions 
(Cheng et al., 2018). 

Excess of citrate together with increasing amounts of CaCitr− due to 
complexation induces precipitation of Ca3Citr2⋅6H2O, which has a very 
low solubility (Ksp(Ca3Citr2⋅6H2O) = 1.8 × 10-16 mol5 L-5, (Vavrusova & 
Skibsted, 2016)): 

2CaCitr− +Ca2+ + 6H2O⇌Ca3Citr2.6H2O (9) 

The formation of CaGlu+ prevents calcium precipitation as 
Ca3Citr2⋅6H2O for large excess of gluconate, as evidenced by the longest 
lag phase obtained for the ratio Na2HCitr/NaGlu of 1:10, as seen in 
Fig. 4. It is important to note that besides forming Ca3Citr2⋅6H2O, cal-
cium may also precipitate with gluconate according to (Vavrusova & 
Skibsted, 2014): 

Ca2+ + 2Glu− ⇌CaGlu2 with Ksp = 7.1 × 10− 4 mol3L− 3 (10) 

The distribution between the complexes CaGlu+, CaCitr− , CaHPO4, 
and free Ca2+ ions is controlled by all the relative complex constants as 
for the equilibrium of Eq. (11) and by the solubility products for the 
compounds of low solubility, see Fig. 2: 

CaGlu+ +Citr3− ⇌CaCitr− +Glu− (11) 

The speciation of the supersaturated solutions prior to and during 
precipitation as calculated by the iterative procedure is shown in Table 1 
for the homogenous supersaturated solutions. Similar results were ob-
tained for the critical supersaturated solutions. 

The lag phases for precipitation of the critical systems were found to 
be shorter in comparison with the homogenous systems with equivalent 
ratios except for the critical supersaturated solution with a ratio Na2H-
Citr/NaGlu of 1:1 where no precipitation occurred for up to 1 month 
with a behavior similar to the corresponding homogenous combination. 
The distribution of ionic species must be taken into account for deter-
mination of the condition, which yields the highest efficiency of 
supersaturation. 

The ion speciation allows identification of critical factors for high 
supersaturation and long lag phase phases, see Table 1. The degree of 
supersaturation may be defined as the ratio of the ionic product and the 
solubility product. For Ca3Citr2⋅6H2O with Ksp = 1.8 × 10-16 mol5 L-5 

(Vavrusova & Skibsted, 2016), this ratio is  

Q/Ksp (Ca3Citr2⋅6H2O) = [Ca2+]3⋅[Citr3− ]2/ Ksp (Ca3Citr2⋅6H2O)          (12) 

For CaHPO4⋅2H2O with Ksp = 8.25 × 10-7 mol2 L-2 (Mcdowell, 
Brown, & Sutter, 1971), this ratio is  

Q/Ksp (CaHPO4⋅2H2O) = [Ca2+]⋅[HPO4
2− ]/ Ksp (CaHPO4⋅2H2O)         (13) 

and for CaGlu2 with Ksp = 7.1 × 10-4 mol3 L-3 (Vavrusova & Skibsted, 
2014), this ratio is  

Q/Ksp (CaGlu2) = [Ca2+]⋅[Glu− ]2/ Ksp (CaGlu2)                                 (14) 

For the Na2HCitr/NaGlu ratio of 10:1 the ordering of supersaturation 
is  

Q/Ksp (Ca3Citr2⋅6H2O) = 1.3 × 104 > Q/Ksp (CaHPO4⋅2H2O) = 4.3 × 10-2 >

Q/Ksp (CaGlu2) = 1.6 × 10-2                                                           (15) 

and the solution is only supersaturated in Ca3Citr2⋅6H2O The initial 
pH = 3.7 and free calcium ion concentration is seen to be 1.1 × 10-3 mol 
L-1 when precipitation starts with a free hydrogen citrate ion concen-
tration of 2.7 × 10-1 mol L-1. 
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Fig. 4. (A) Calcium ion activity (aCa2+) and (B) total calcium concentration 
(tCa) of homogeneous solutions containing 9.8 × 10-2 mol CaHPO4⋅2H2O in 100 
mL of water dissolved in 10:1 Na2HCitr/NaGlu with 1.1 mol L-1 / 1.1 × 10-1 mol 
L-1 (■, in black), 1:1 Na2HCitr/NaGlu with 9.1 × 10-1 mol L-1 / 9.1 × 10-1 mol 
L-1 (●, in red), 10:1 Na2HCitr/Glu with 2.2 × 10-1 mol L-1 / 2.2 mol L-1 (▴, 
in blue). 
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Table 1 
Ion speciation (mol L-1) in spontaneous supersaturated homogeneous solution of 9.8 × 10-2 mol CaHPO4⋅2H2O in 100 mL of water dissolved in 1.1 mol L-1 / 1.1 × 10-1 mol L-1 Na2HCitr/NaGlu, 9.1 × 10-1 mol L-1 / 9.1 × 10- 

1 mol L-1 Na2HCitr/NaGlu, 2.2 × 10-1 mol L-1 / 2.2 mol L-1 Na2HCitr/NaGlu during lag phase for precipitation and in homogeneous supernatant during subsequent precipitation.  

Na2HCitr/NaGlu time 
(h) 

H3PO4 H2PO4
- HPO4

2- H3Citr H2Citr- HCitr2- Citr3- HGlu Glu- Ca2þ CaHPO4 CaHCitr CaCitr- CaGluþ Naþ NaHCitr- NaCitr2- 

10:1, 
homogeneous 

0.5 1.11E- 
04  

0.096 2.85E- 
03 

3.28E- 
04 

3.51E- 
02 

2.69E- 
01 

1.47E- 
01 

4.82E- 
03  

0.100 1.12E- 
03 

1.79E- 
05  

0.088 9.68E- 
03 

1.05E- 
03  

1.57 3.86E-01 2.76E- 
01  

22 1.08E- 
04  

0.094 2.88E- 
03 

3.15E- 
04 

3.46E- 
02 

2.73E- 
01 

1.54E- 
01 

4.72E- 
03  

0.101 6.45E- 
04 

1.03E- 
05  

0.051 5.74E- 
03 

6.04E- 
04  

1.56 3.87E-01 2.85E- 
01  

72 1.07E- 
04  

0.094 2.87E- 
03 

3.18E- 
04 

3.49E- 
02 

2.76E- 
01 

1.56E- 
01 

4.73E- 
03  

0.101 3.97E- 
04 

6.27E- 
06  

0.031 3.55E- 
03 

3.71E- 
04  

1.56 3.89E-01 2.87E- 
01  

168 1.03E- 
04  

0.092 2.88E- 
03 

3.02E- 
04 

3.40E- 
02 

2.76E- 
01 

1.60E- 
01 

4.62E- 
03  

0.101 3.05E- 
04 

4.81E- 
06  

0.024 2.78E- 
03 

2.85E- 
04  

1.56 3.86E-01 2.93E- 
01  

240 1.01E- 
04  

0.093 2.98E- 
03 

2.86E- 
04 

3.30E- 
02 

2.74E- 
01 

1.64E- 
01 

4.52E- 
03  

0.102 3.11E- 
04 

5.05E- 
06  

0.024 2.88E- 
03 

2.90E- 
04  

1.55 3.83E-01 2.98E- 
01  

360 9.43E- 
05  

0.086 2.76E- 
03 

2.86E- 
04 

3.30E- 
02 

2.74E- 
01 

1.63E- 
01 

4.52E- 
03  

0.102 3.08E- 
04 

4.66E- 
06  

0.024 2.86E- 
03 

2.88E- 
04  

1.55 3.83E-01 2.98E- 
01 

1:1, homogeneous 0.5 9.43E- 
05  

0.086 2.74E- 
03 

1.89E- 
04 

2.21E- 
02 

1.87E- 
01 

1.15E- 
01 

3.79E- 
02  

0.861 1.36E- 
03 

1.96E- 
05  

0.069 8.34E- 
03 

1.06E- 
02  

2.11 3.47E-01 2.76E- 
01  

48 9.36E- 
05  

0.083 2.60E- 
03 

2.00E- 
04 

2.27E- 
02 

1.88E- 
01 

1.13E- 
01 

3.88E- 
02  

0.861 1.31E- 
03 

1.80E- 
05  

0.068 7.93E- 
03 

1.02E- 
02  

2.11 3.50E-01 2.71E- 
01  

168 8.15E- 
05  

0.085 3.11E- 
03 

1.37E- 
04 

1.84E- 
02 

1.81E- 
01 

1.29E- 
01 

3.31E- 
02  

0.867 1.24E- 
03 

1.99E- 
05  

0.060 8.33E- 
03 

9.62E- 
03  

2.09 3.31E-01 3.04E- 
01  

192 6.61E- 
05  

0.069 2.52E- 
03 

1.38E- 
04 

1.85E- 
02 

1.82E- 
01 

1.30E- 
01 

3.32E- 
02  

0.870 8.23E- 
04 

1.07E- 
05  

0.040 5.56E- 
03 

6.40E- 
03  

2.09 3.33E-01 3.06E- 
01  

336 8.28E- 
05  

0.084 3.02E- 
03 

1.46E- 
04 

1.92E- 
02 

1.84E- 
01 

1.29E- 
01 

3.40E- 
02  

0.871 6.54E- 
04 

1.02E- 
05  

0.032 4.36E- 
03 

5.09E- 
03  

2.09 3.36E-01 3.02E- 
01  

648 8.18E- 
05  

0.087 3.26E- 
03 

1.31E- 
04 

1.80E- 
02 

1.82E- 
01 

1.34E- 
01 

3.25E- 
02  

0.873 5.90E- 
04 

9.84E- 
06  

0.029 4.05E- 
03 

4.58E- 
03  

2.09 3.31E-01 3.12E- 
01 

1:10, 
homogeneous 

0.5 2.50E- 
05  

0.076 8.05E- 
03 

2.09E- 
06 

7.95E- 
04 

2.17E- 
02 

4.22E- 
02 

2.85E- 
02  

2.115 2.87E- 
03 

1.28E- 
04  

0.018 7.05E- 
03 

5.63E- 
02  

2.47 4.86E-02 1.24E- 
01  

48 2.31E- 
05  

0.075 8.54E- 
03 

1.74E- 
06 

7.11E- 
04 

2.08E- 
02 

4.35E- 
02 

2.66E- 
02  

2.117 2.87E- 
03 

1.36E- 
04  

0.017 7.23E- 
03 

5.63E- 
02  

2.47 4.65E-02 1.27E- 
01  

168 2.32E- 
05  

0.072 7.82E- 
03 

1.96E- 
06 

7.62E- 
04 

2.13E- 
02 

4.23E- 
02 

2.79E- 
02  

2.118 2.75E- 
03 

1.20E- 
04  

0.017 6.79E- 
03 

5.42E- 
02  

2.47 4.76E-02 1.24E- 
01  

360 2.29E- 
05  

0.075 8.46E- 
03 

1.74E- 
06 

7.11E- 
04 

2.08E- 
02 

4.34E- 
02 

2.67E- 
02  

2.117 2.87E- 
03 

1.35E- 
04  

0.017 7.23E- 
03 

5.63E- 
02  

2.47 4.65E-02 1.27E- 
01  

408 2.92E- 
05  

0.077 7.13E- 
03 

3.01E- 
06 

9.97E- 
04 

2.36E- 
02 

3.99E- 
02 

3.27E- 
02  

2.110 2.94E- 
03 

1.17E- 
04  

0.020 6.88E- 
03 

5.77E- 
02  

2.47 5.30E-02 1.18E- 
01  

Na2HCitr/NaGlu time (h) aCa2þ aHþ tCa tP tNa tCitr tGlu tHydroxycarboxylate I Q/K, Ca3Citr2 Q/K, CaHPO4 Q/K, CaGlu2 

10:1, homogeneous 0.5 1.22E-04 2.14E-05  0.100  0.098  2.235  1.064  0.106  1.171  2.86 13,474  0.043  0.016  
22 5.88E-05 2.09E-05  0.058  0.097  2.235  1.036  0.106  1.143  2.91 2815  0.025  0.009  
72 3.07E-05 2.09E-05  0.036  0.097  2.235  1.022  0.106  1.128  2.92 668  0.015  0.006  
168 6.68E-05 2.04E-05  0.027  0.095  2.235  1.016  0.106  1.122  2.95 319  0.012  0.004  
240 3.31E-05 2.00E-05  0.028  0.096  2.235  1.016  0.106  1.123  2.97 355  0.012  0.005  
360 2.75E-05 2.00E-05  0.027  0.089  2.235  1.016  0.106  1.122  2.97 344  0.011  0.004 

1:1, homogeneous 0.5 1.40E-04 2.00E-05  0.090  0.089  2.730  0.910  0.910  1.820  3.17 14,732  0.047  1.423  
48 9.03E-05 2.04E-05  0.087  0.086  2.730  0.908  0.910  1.818  3.16 12,747  0.044  1.371  
168 8.63E-05 1.74E-05  0.079  0.088  2.730  0.903  0.910  1.813  3.27 14,195  0.048  1.316  
192 5.88E-05 1.74E-05  0.053  0.071  2.730  0.885  0.910  1.795  3.27 4184  0.026  0.878  
336 6.72E-05 1.78E-05  0.042  0.087  2.730  0.878  0.910  1.788  3.26 2045  0.025  0.698  
648 4.27E-05 1.70E-05  0.038  0.090  2.730  0.875  0.910  1.785  3.30 1622  0.024  0.633 

1:10, homogeneous 0.5 1.25E-04 6.03E-06  0.084  0.084  2.640  0.220  2.20  2.420  2.89 18,600  0.311  18.07  
48 8.80E-05 5.62E-06  0.084  0.084  2.640  0.220  2.20  2.420  2.90 19,736  0.330  18.12  
168 1.19E-04 5.89E-06  0.081  0.080  2.640  0.218  2.20  2.418  2.89 16,550  0.291  17.40  
360 6.89E-05 5.62E-06  0.084  0.083  2.640  0.220  2.20  2.420  2.90 19,659  0.326  18.10  
408 7.89E-05 6.92E-06  0.088  0.085  2.640  0.222  2.20  2.422  2.87 17,949  0.284  18.44  
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For the Na2HCitr/NaGlu ratio of 1:1 the ordering of supersaturation 
is  

Q/Ksp (Ca3Citr2⋅6H2O) = 1.5 × 104 > Q/Ksp (CaGlu2) = 1.4 > Q/Ksp (CaH-
PO4⋅2H2O) = 4.3 × 10-2                                                                (16) 

and the solution is supersaturated in Ca3Citr2⋅6H2O and CaGlu2. The 
initial pH = 4.7 and free calcium ion concentration is 1.2 × 10-3 mol L-1, 
when precipitation starts with a free hydrogen citrate ion concentration 
of 1.8 × 10-1 mol L-1. 

For the Na2HCitr/NaGlu ratio of 1:10 the ordering of supersaturation 
is  

Q/Ksp (Ca3Citr2⋅6H2O) = 1.9 × 104 > Q/Ksp (CaGlu2) = 18 > Q/Ksp (CaH-
PO4⋅2H2O) = 0.3                                                                          (17) 

and the solution is supersaturated in Ca3Citr2⋅6H2O and CaGlu2. The 
initial pH = 5.2 and calcium ion concentration is 2.8 × 10-3 mol L-1 when 
precipitation starts with a free hydrogen citrate ion concentration of 2.2 
× 10-2 mol L-1. 

Considering various ionic products for the three supersaturated so-
lutions like [CaCitr− ]2⋅[Ca2+], [CaHCitr]⋅[Ca2+], and [Ca2+]⋅[HCitr2− ] 
as an indicator of precipitation, [Ca2+]⋅[HCitr2− ] seems to correlate 
inversely with the length of the lag phase, see Fig. 5. This correlation 
could indicate that the initial reaction to initiate precipitation is  

Ca2+ + HCitr2− →CaHCitr (s)                                                        (18) 

followed by some condensation reaction in the solid state:  

3CaHCitr (s) → Ca3Citr2 (s) + 2H+ + HCitr2− (19) 

Low pH promotes precipitation for these homogeneous supersatu-
rated solutions and a similar pattern was found for the critically su-
persaturated solutions. For the Na2HCitr/NaGlu solutions dissolving 
CaHPO4⋅2H2O spontaneously forming supersaturated solutions, it is, 
however, not the low pH as such which creates the long lag phases, but 
rather the capability of the gluconate ion to coordinate calcium pre-
venting the precipitation reaction of Eq. 18. A slow dissociation of cal-
cium ions, as was recently demonstrated for lactate/gluconate exchange 
in the calcium gluconate complex CaGlu+ may decrease the rate of 
precipitation under these neutral to mildly acidic conditions (Garcia 
et al., 2020). The pKa-value of the H3Citr and HGlu in this respect pre-
sents a perfect match, as pH-conditions, where calcium binds to gluco-
nate, prevents binding of calcium to hydrogen citrate, otherwise 
initiating precipitation. 

4. Conclusion 

In conclusion, slightly acidic conditions as typical for dairy products 
and other fermented foods provide optimal conditions for utilizing the 
synergistic effect of citrate and gluconate to increase calcium bio-
accessibility. The combination of hydrogen citrate acting as an acid to 
protonate phosphates preventing precipitation of calcium phosphates 
and of gluconate forming calcium complexes, which only dissociate 
slowly preventing precipitation of calcium citrate, seems optimal for 
new functional foods for prevention of calcium deficiency as both 
hydroxycarboxylates are already commonly used in many types of foods. 
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