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a b s t r a c t

Insoluble milk mineral residues from whey processing, dominated by hydroxyapatite and calcium
hydrogen phosphate, dissolved isothermally in aqueous gluconate/d-gluconolactone, spontaneously
forming solutions supersaturated in both calcium hydrogen phosphate and calcium gluconate. Calcium
concentration of maximally supersaturated solutions was proportional to gluconate concentration,
indicating gluconate assisted dissolution, while gluconolactone increased calcium available for dissolu-
tion and supersaturation. Precipitation of calcium gluconate, rather than of calcium hydrogen phosphate,
was critical for supersaturation robustness. For calcium gluconate ionic product:solubility product of
calcium gluconate ratios <12, the supersaturated solutions had a lag phase for precipitation of several
weeks, which increased to several months by addition of solid calcium saccharate prior to dissolution of
the mineral residues. Such supersaturated solutions with up to 7 g calcium L�1, corresponding to a factor
of supersaturation of >100 times compared with equilibrium calcium hydrogen phosphate solubility,
may be exploited for increasing calcium availability of whey mineral based functional foods.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Side-streams from cheese production may lead to other valuable
dairy products based on whey proteins and lactose (Harju, 2001;
Prazeres, Carvalho, & Rivas, 2012; Sizo, 1996). Part of the milk min-
erals are, however, still left dissolved in the whey permeate in an
amount depending on the actual cheese produced (Gaucheron, 2005,
2011; Kelly & O'Kennedy, 2001). The minerals, including the essential
calciumandmagnesiumtogetherwithphosphate,maybecollectedasa
powder by evaporation rather than becoming a polluting waste
(Gaucheron, 2005). Such powders have,moreover, an optimal calcium/
phosphate ratio for human nutrition and increasingly find use as in-
gredients in various food products and as part of food supplements. A
low bioavailability of especially calcium from such preparations, how-
ever, often becomes a problem for their optimal use (Kato et al., 2002;
Lorieau et al., 2018; Prazeres et al., 2012). Calcium is mainly present in
such powders after drying as amorphous calciumhydrogenphosphate
and hydroxyapatite, both of which calcium phosphate salts have low
aqueous solubility and,moreover, a slowdissolution rate in acid (Wu&
Uskokovi�c, 2016).
Calcium hydroxycarboxylates, such as calcium gluconate and
calcium citrate, are often used in food supplements for prevention
of osteoporosis (Straub, 2007; Sunyecz, 2008). Sodium gluconate
and sodium citrate have, together with other hydroxycarboxylates,
recently been shown to dissolve sparingly soluble calcium phos-
phates, spontaneously forming strongly supersaturated aqueous
solutions (Cheng & Skibsted, 2018; Vavrusova, Danielsen, Garcia, &
Skibsted, 2018; Vavrusova, Garcia, Danielsen, & Skibsted, 2017;
Vavrusova & Skibsted, 2014). Such supersaturation seems to pre-
vent precipitation of calcium salts of low solubility in the intestines
and may explain the high bioavailability of calcium from calcium
hydroxycarboxylates compared with other calcium salts such as
calcium carbonate, which dissolve in the acid of the stomach but
subsequently precipitate in the intestines (Skibsted, 2016).

Calcium from whey mineral residues needs to dissolve during
food digestion to become available for absorption in the intestines.
Gluconate seems in combination with gluconic acid to hold the
potential of solubilising whey mineral residues, forming moder-
ately acidic but highly robust supersaturated solutions with the
milk calcium phosphates (Cheng& Skibsted, 2018). Accordingly, we
have investigated dissolution and tendency of precipitation of a
commercial whey mineral product in aqueous gluconate/glucono-
lactone with special focus on the robustness of the supersaturation
relative to precipitation.
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2. Materials and methods

2.1. Materials

Capolac® MM-0525 BG was a commercial dried milk mineral
concentrate from Arla Food Ingredients (Viby J., Denmark) based on
whey from bovine cheese production. According to product speci-
fications it contains 24.0e29.0% calcium, 11.0e15.0% phosphorous,
6.0e10.0% lactose, less than 3.0% moisture, less than 3.0% protein
and less than 3.0% fat. All investigations used material from the
same batch, which was analysed by inductively coupled plasma
(ICP) spectroscopy (see below) and found to contain 26.5% calcium
and 13.3% phosphorous.

Sodium hydrogen citrate sesquihydrate, D-gluconic acid sodium
salt (�99%), D-gluconic acid d-lactone, calcium saccharate, calcium
standard for ICP spectroscopy (10,005 ± 20 mg L�1), phosphorous
standard for ICP spectroscopy (9992 ± 20 mg L�1), nitric acid 65%
Suprapur®, were all from Sigma-Aldrich (Steinheim, Germany).
Calcium chloride dihydrate was from Merck KGaA (Darmstadt,
Germany); 0.01 D KCl (±0.5%, 25 �C) as a conductivity standard was
from HACH LANGE GmbH (Berlin, Germany). Q-Max RR syringe
filters (filter diameter: 13 mm, membrane: 0.22 mm cellulose ace-
tate) were from Frisenette ApS (Knebel, Denmark). All solutions
were prepared using purified water from a Milli-Q Plus purification
station (Millipore Corporation, Bedford, MA, USA).
2.2. Dissolution of Capolac®, d-gluconolactone and sodium
gluconate

Mixtures containing samples of Capolac®, D-gluconic acid sodium
salt (gluconate) and D-gluconic acid d-lactone (gluconolactone) were
prepared to identify themost suitable combinations for dissolution of
calcium phosphate salts present in Capolac®. One hundredmillilitres
of Milli Q water were added to flasks containing 1.40 g Capolac®. The
mixtures were equilibrated for 1 day at 25 �C with stirring, then (A)
12.6 g sodium gluconate and 5.2 g gluconolactone (combination
gluconate/gluconolactone 2:1 ¼ 5.8 � 10�2 mol/2.9 � 10�2 mol); (B)
6.9 g of sodium gluconate and 5.6 g gluconolactone (combination
gluconate/gluconolactone 1:1 ¼ 3.2 � 10�2 mol/3.2 � 10�2 mol); (C)
3.6 sodium gluconate and 5.9 g gluconolactone (combination gluco-
nate/gluconolactone 1:2 ¼ 1.7 � 10�2 mol/3.3 � 10�2 mol). Also, for
the combination 6.9 g sodium gluconate and 5.6 g gluconolactone
(gluconate/gluconolactone 1:1) a suspension was prepared with
1 � 10�3 mol solid calcium saccharate added. Turbidity, calcium ion
activity and pH were measured over 8 days to follow the formation
and robustness of supersaturated solutions of calcium salts from
Capolac®. After each equilibrationperiod, aliquotswere collected and
filtered for measurement. Calcium concentration and phosphorus
concentration were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES).
2.3. Electrochemical determination of free calcium

A calcium ion selective electrode ISE25Ca with a reference REF251
electrode from Radiometer (Copenhagen, Denmark) was used to
determine calcium ion activity. Calcium chloride standard solutions
(1.00 � 10�4, 1.00 � 10�3 and 1.00 � 10�2 mol L�1, prepared from a
1.00molL�1 stocksolution)wereusedtocalibrate theelectrode.A linear
standard curve of the potential (mV) against the
corresponding �log (aCa2+) was established in agreement with the
Nernst equation using linear regression. The slope of the regression
curve was found in agreement with the Nernst equation. Calcium ion
activity aCa2þ for the standard curve was calculated according to:
aCa2þ ¼ cCa2þ � g2þ (1)

where g2þ is the activity coefficient based on the Davies' equation
as previously described (Vavrusova et al., 2018):

log g2þ ¼ � ADHz
2

 ffiffi
I

p

1þ
ffiffi
I

p � 0:30I

!
(2)

where ADH is the Deybe-Hückel constant with a value of 0.500,
0.506, 0.510, 0.515 at 15, 20, 25 and 30 �C, respectively. The ionic
strength is defined as:

I ¼ 1
2

X
i

ciz
2
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where ci is the concentration of the ions in the solution, and zi is the
corresponding charge.

2.4. Ion coupled plasma optical emission spectroscopy (ICP-OES)

Aliquots of the solutions containing Capolac® and gluconate/glu-
conolactone were collected from the soluble fraction (permeate) and
filtered in syringe filters (pore size 0.22 mm). Ten microlitres of the
samples were diluted to 10mL in 5% HNO3, and subsequently analysed
by ICP spectroscopy. The standard samples with the concentration of
10.005, 5.003, 2.501, 1.251 and 0.625 ppm were prepared from the
calcium standard for ICP spectroscopy to make a calibration curve. For
phosphorus, standard solutions with the concentration of 0.323, 0.161,
0.0807, 0.0403 and 0.0202 ppmwere prepared from the phosphorous
standard for ICP spectroscopy tomakea calibration curve. Total calcium
of the test samples was analysed by coupled plasma-optical emission
spectroscopy with an Agilent 5100 ICP-OES (Santa Clara, CA, USA).
Multiple-wavelengths (393.366,396.847and422.673nm)wereusedto
determine the total calcium in the samples. The wavelength of
177.343 nmwas used to determine total phosphorous concentration in
the samples. Magnesiumwas also measured by ICP spectroscopy, but
thedataarenot shownbecausemagnesiumconcentrationwas foundto
be constant for all the systemsduring thewhole period of investigation
of equilibration.

2.5. pH measurement

A pHmetre (713 pHMetre, Metrohm, Herisau, Switzerland) with a
glass electrode (602 CombinedMetrosensor glass electrode,Metrohm)
using international pH activity standards (pH 4.00, 7.00 and 9.00) was
used for the measurement of the pH of the solutions containing
Capolac® and gluconate/gluconolactone during equilibration.

2.6. Turbidimetry

TurbiditymeasurementswereperformedwithTurbiDirectAL450T-
IR turbidity metre (Aqualytic, Dortmund, Germany) with an incident
light (860 nm) through a 25 mm cell at room temperature.

2.7. X-ray diffraction of Capolac®, hydroxyapatite and
CaHPO4.2H2O

X-ray diffraction (XRD) patterns were obtained for Capolac®
using a Bruker D8 Advance (Cu Ka 1.5418 Å), which is located at S~ao
Carlos Chemistry Institute, University of S~ao Paulo (S~ao Carlos-SP,
Brazil). The sample was supported by a silica microslide substrate
(1 � 1 cm2) and XRD patterns were collected in the range XeY 2q
degrees. XDR patterns for hydroxyapatite and CaHPO4.2H2O were
obtained from the database JCPDS X-ray card data collection (2014).
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2.8. Calculation of ion speciation

Ion speciation was determined taking into account six equilib-
rium equations together with three mass balance equations, using
the approach previously described (Cheng & Skibsted, 2018). The
equilibrium constants for dissociation of phosphoric acid Ka1H3PO4

,
Ka2H3PO4

and Ka3H3PO4
; dissociation of gluconic acid Kg1; formation of

the CaHPO4 complex, K1; formation of the CaH2PO4
þ complex, K2;

and for formation of the CaGluþ complex, K3, based on activity were
corrected with the respective activity coefficients to constants
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strength emerging from the initial calculations and then, the
calculation of the ion speciation was repeated with adjusted con-
centration based equilibrium constants. Iterations were repeated as
previously described (Garcia, Vavrusova, & Skibsted, 2018) to
obtain a constant value for ionic strength for the actual equilibra-
tion time as a criterion for ending the iteration. The final value for
ionic strength at the first equilibration time was subsequently
replacing the starting value for ionic strength and iteration for the
next sampling time.
3. Results and discussion

3.1. Aqueous solubility of Capolac®

The Capolac® sample was found to contain 26.5% calcium and
13.3% phosphorous corresponding to a calcium/phosphate ratio of
1.5, which is close to the calcium/phosphate recommendation for
human consumption (Bronner, 2009). The ratio obtained for
Capolac® can be accounted for as a mixture of 30% calcium
hydrogen phosphate (CaHPO4 with a ratio of 1.0) and 70% hy-
droxyapatite [Ca5(OH) (PO4)3 with a ratio of 1.7; Koutsopoulos,
2002]. Although other calcium phosphates may also be present,
X-ray powder diffractograms confirmed hydroxyapatite as an
important component as may be seen from Fig. 2. The X-ray dif-
fractogram of Capolac® shows a similar X-ray pattern as hydroxy-
apatite with characteristic broad diffraction peaks at 2q ¼ 26� and
30e35� (Koutsopoulos, 2002; Venkateswarlu, Chandra Bose, &
Rameshbabu, 2010). The broad peaks with low separation are due
to a low crystallinity and the powder was found to be largely
amorphous, containing amorphous calcium phosphates together
with crystalline fractions of compounds like CaHPO4.2H2O, the
peaks for which seem present with lower intensity in the X-ray
diffractogram of Capolac®, see Fig. 2.

The aqueous solubility of calcium for Capolac® was determined
electrochemically at 10 �C, 25 �C and 50 �C to estimate the enthalpy
of dissolution of calcium salts present in Capolac® and to be
20 40 60 80 100

2θ / °
Fig. 2. X-ray powder diffraction (XDR) of Capolac® ( ) in comparison with CaH-
PO4.2H2O ( ) and hydroxyapatite ( ). (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
compared with the heat of dissolution of calcium hydrogen phos-
phate dihydrate. The calcium ion activity of an aqueous suspension
of Capolac® was found to decrease with temperature as measured
electrochemically, see Fig. 3. The solubility of the calcium salts in
Capolac® corresponds to aCa2þ ¼ 0.00034 at 25 �C with
DH ¼ �5.8 ± 0.7 kJ mol�1 for the overall dissolution process as
calculated from the van't Hoff plot of Fig. 3. The heat of dissolution
of calcium from Capolac® was found comparable with the heat of
dissolution of calcium hydrogen phosphate:

CaHPO4:2H2O ðsÞ# Ca2þ þ HPO2�
4 þ 2H2O (4)

for which aCa2þ ¼ 0.00017 at 25 �C and DH ¼ �4.6 ± 1.0 kJ mol�1

were determined by the same method. The dissolution of CaH-
PO4.2H2O is exothermic and the solubility decreases with
increasing temperature like for calcium from Capolac® (McDowell,
Sutter, & Brown, 1971). The apparent higher solubility of calcium
salts from Capolac® than of CaHPO4.2H2O and especially of
Ca5(OH) (PO4)3 confirms the presence of traces of complexing
agents in Capolac®. The less negative enthalpy of dissolution of
calcium from Capolac® compared with CaHPO4.2H2O may be
explained by endothermic dissolution of non-ionic species in
Capolac®. Capolac®mainly contains calcium hydrogen phosphate,
hydroxyapatite and other salts highly insoluble in water (Pan &
Darvell, 2010). Other compounds present including lactose and
hydroxycarboxylates like citrate may contribute to increase the
solubility of calcium from Capolac® and may also affect the su-
persaturation processes.

3.2. Supersaturation of calcium phosphates from Capolac®

The dissolution of calcium ions from Capolac® was found to
increase dramatically by the presence of gluconate and glucono-
lactone as also previously found for calcium hydrogen phosphate
(Cheng & Skibsted, 2018). The increase depends both on the total
gluconate concentration and on the ratio between gluconate and
gluconolactone as the combination of binding of calcium to glu-
conate, Glu�:
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
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Fig. 3. Calcium ion activity of water saturated with Capolac® ( ) as measured elec-
trochemically or saturated with CaHPO4.2H2O ( ). The enthalpy of dissolution was
calculated from the temperature dependence according to lnðaCa2þÞ ¼ �DH0

RT þ
constant, by linear regression to yield DH ¼ �5.8 ± 0.7 kJ mol�1 K�1 for Capolac® and
DH ¼ �4.6 ± 0.6 kJ mol�1 K�1 for CaHPO4.2H2O. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Ca2þ þ Glu� # CaGluþ (5)

and dissolution due to protonation of phosphate and hydrogen
phosphate by the more acidic gluconic acid, HGlu, both become
important:

Ca5ðPO4Þ3OHþ4HGlu # 3CaHPO4 þ 2CaGluþ

þ 2Glu� þ 2H2O
(6)

CaHPO4ðsÞ þHGlu # CaGluþ þ H2PO
�
4 (7)

The dissolutionwasmoreover seen to overshoot the equilibrium
solubility of the calcium salts from Capolac® as was evident from a
subsequent precipitation following a lag phase with a length
depending on the degree of supersaturation. A more detailed
analysis was made for four dissolution conditions. In each experi-
ment, 1.4 g of Capolac® was suspended in 100 mL of water with
sodium gluconate and gluconolactone added. For the four selected
conditions clear solutions appeared within a few hours. For the
dissolution experiment with calcium saccharate added, dissolution
was, however, somewhat slower. Each of these solutions was ana-
lysed for total calcium and total phosphate by ICP spectroscopy, and
pH and calcium ion activity were measured together with turbidity
during subsequent incubation at 25 �C for one week, and for the
dissolution with saccharate the calcium ion activity was measured
for one month.

The development in calcium activity, calcium concentration and
pH is shown in Figs. 4 and 5. pH was for all four solutions decreasing
due to hydrolysis of gluconolactone and calcium concentration
increased to reachmaximalvalues afterapproximately 2h. Foreachof
the three experiments without calcium saccharate, the ionic specia-
tion based on iterative calculations are presented in Table 1 (gluco-
nate/gluconolactone¼2:1), Table2 (gluconate/gluconolactone¼ 1:1)
and Table 3 (gluconate/gluconolactone ¼ 1:2). Notably, free calcium
concentration increased for decreasing pH during incubation and
became highest for the supersaturation solutionwith lowestfinal pH.
This increase in free calcium ion concentration is understood on the
basis of decreasing concentration of free gluconate and hydrogen
phosphatewithdecreasingpHduetoprotonation leaving lesscalcium
coordinated. The final pH of the three solutions, pH ¼ 4.1 for gluco-
nate/gluconolactone ¼ 2:1, pH ¼ 3.8 for gluconate/
gluconolactone¼ 1:1, pH¼ 3.6 for gluconate/gluconolactone¼ 1:2, is
in agreement with

pH¼ pKa þ log
½Glu��
½HGlu� (8)

and a pKa y 3.8 for gluconic acid at an ionic strength around 0.5
(Skibsted & Kilde, 1971).

For the experiment presented in Table 1 with a total gluconate
concentration of 87 mmol 100 mL�1 with gluconate/glucono-
lactone ratio of 2:1, precipitation was initiated after 6 days of in-
cubation of this solution, as also is evident from the turbidity
measurements (Fig. 6). Addition of solid calcium hydrogen phos-
phate to samples of this 2:1 gluconate/gluconolactone solution
during early incubation where the solution was fully transparent
did not initiate turbidity and precipitation, while addition of solid
calcium gluconate initiated precipitation. Based on these observa-
tions, it was concluded that the precipitate spontaneously formed
after 6 days of incubation was calcium gluconate rather than cal-
cium hydrogen phosphate:

Ca2þ þ 2Glu�#CaGlu2ðsÞ (9)



0 50 100 150 200

3.5

4.0

4.5

5.0

5.5

pH

Time (h) 
Fig. 5. pH variation of aqueous solutions or suspensions containing 1.4 g of Capolac®
in 100 mL of water for gluconate/gluconolactone with a ratio of 2:1 ( ), gluconate/
gluconolactone 1:1 ( ), gluconate/gluconolactone with a ratio of 1:1 and
1 � 10�3 mol of calcium saccharate ( ) and gluconate/gluconolactone with a ratio of
1:2 ( ). pH was measured after 30 min and during 8 days of incubation at 25 �C. (For
interpretation of the references to color in this figure legend, the reader is referred to
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The phosphate concentration was not affected by the precipi-
tation further confirming this conclusion.

For the experiment presented in Table 2, a total gluconate
concentration of 64 mmol was used with gluconate/glucono-
lactone ratio of 1:1. This solution showed no precipitation until
after 2 weeks, which also was true for the experiment of Table 3
with a total of 50 mmol of gluconate and a gluconate/glucono-
lactone ratio of 1:2. The experiment of Table 3 with 64 mmol of
total gluconate was repeated with the addition of 1 � 10�3 mol of
solid calcium saccharate to the transparent solution together with
solid Capolac®. Calcium saccharate dissolved slowly as was
evident from an initial turbidity disappearing concomitant with
an increase in calcium concentration. The total calcium concen-
tration and the calcium ion activity as followed over 180 h are
shown in Fig. 4.

For the solutions without precipitation, the total calcium ion
concentration stayed constant as to be expected, while for the
solution with precipitation, the total calcium concentration
decreased. For the solution with calcium saccharate added, the
total calcium concentration slowly increased, as calcium saccha-
rate (CaSac) was slowly dissolved through a stepwise process in
which the complex will only partially dissociate (Ka ¼ 1.0 � 103,
Ksp ¼ 6.17 � 10�7 at 25 �C):

CaSacðsÞ#CaSacðaqÞ (10)

CaSacðaqÞ#Ca2þ þ Sac2� (11)

Calcium activity of suspensions containing Capolac® and the
three different combinations of gluconate/gluconolactone showed
no significant changes for up to 8 days of incubation under mag-
netic stirring at 25 �C (Fig. 4A). However, calcium ion activities
were found to decrease with increasing concentrations of gluco-
nate as expected since the complex formation of calcium gluco-
nate increases with higher concentrations of gluconate as ligand.
The concentration of gluconolactone relative to gluconate also
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showed an effect on the pH of the supersaturated solutions (Fig. 6).
Different initial and final pH values were observed in the samples
containing different combinations of gluconate and glucono-
lactone. The decrease in pH during incubation is explained by the
slow hydrolysis of gluconolactone into gluconic acid. The ratio
between gluconate and gluconolactone seems to be important not
only for the initiation of the precipitation in the supersaturated
systems containing Capolac® but also for increasing the concen-
tration of free calcium in the supersaturated solutions. For
increasing concentrations of gluconolactone relative to gluconate,
the increase in the concentration of free calcium found by the
iterative calculation of the ion speciation further demonstrated the
importance of the decreasing pH. A similar effect on free calcium by
decreasing pH has been noted for serum calcium in skim milk
(Koutina, Knudsen, Andersen, & Skibsted, 2014). Solutions of cal-
cium gluconate with a pH lower than 4 take a long time to crys-
tallise. However, it is important to note that the initial and
spontaneous supersaturation occurs at pH higher or equal to 4.8. In
these systems, the precipitation is a process of crystallisation
without seeding and occurs as a spontaneous process when the
system reaches the “labile’’ region of the solubility curve that de-
scribes the supersaturation, as originally suggested by Ostwald in
the classical paper from 1897 (Ostwald, 1897), as discussed by
Threlfall (2003). For the calcium gluconate supersaturated systems,
the transition period from a metastable to a labile state was
accordingly found to be very long.

The ratio between the ionic products (Q) and the solubility
products (Ksp) was calculated to indicate whether the solutions
were supersaturated with calcium gluconate or supersaturated
with calcium hydrogen phosphate or supersaturated with both:

QG ¼ [Ca2þ] � [Glu�]2 > Ksp (CaGlu2)

QP ¼ [Ca2þ] � [HPO4
2�] > Ksp (CaHPO4)

The ratio Q/Ksp of the solutions containing Capolac® and
the three different combinations of gluconate/gluconolactone
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Fig. 6. Turbidity of aqueous solutions containing 1.4 g Capolac® in 100 mL of water
and gluconate/gluconolactone with a ratio of 2:1 ¼ 5.8 � 10�2 mol/2.9 � 10�2 mol ( ),
gluconate/gluconolactone 1:1e3.2 � 10�2 mol/3.2 � 10�2 mol ( ), gluconate/gluco-
nolactone 1:1 ¼ 3.2 � 10�2 mol/3.2 � 10�2 mol plus 1 � 10�3 mol of calcium saccharate
( ); gluconate/gluconolactone 1:2 ¼ 1.7 � 10�2 mol/3.4 � 10�2 mol ( ). Turbidity was
measured after 30 min and during 8 days of incubation at 25 �C. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)
(Tables 1e3) are, during incubation, larger than unity, indicating
that the three systems are supersaturated both in relation to CaGlu2
and to CaHPO4. The ratios Q/Ksp for CaGlu2 and CaHPO4 decrease
during the equilibration period for all the three combinations
investigated. However, calcium gluconate was found to precipitate
in the solution of the high gluconate experiment (Table 1) in
agreement with the increasing supersaturation factor Q/Ksp for
calcium gluconate, as also observed in the previous study with
calcium hydrogen phosphate (Cheng & Skibsted, 2018). The solu-
tions with higher concentrations of gluconolactone relative to
gluconate showed no precipitation for the same period of incuba-
tion. The supersaturation factor was, for all three set of conditions
investigated, larger for CaHPO4 than for CaGlu2 throughout the
incubation period; still, CaHPO4.2H2O did not precipitate. A com-
parison between the three conditions shows than Q/Ksp < 12
apparently is a critical ratio for robustness for precipitation of cal-
cium gluconate. Gluconate ions may, like other anions, by some
unknownmechanism inhibit the precipitation of calcium hydrogen
phosphate (Holt, Lenton, Nylander, Sørensen, & Teixeira, 2014). The
ionic product seems to control the robustness of the supersatura-
tion, while the hydrolysis of gluconolactone seems to control the
dynamics of the system including an initial decrease in Q/Ksp fol-
lowed by slower subsequent increase. The equilibrium solubility of
the whey minerals depends on the final pH, in contrast to the de-
gree of supersaturation of both calcium gluconate and calcium
phosphate as evident from a comparison between Tables 1e3.

For the gluconate/gluconolactone combinations without pre-
cipitation for up to one week (ratios 1:1 and 1:2), series of disso-
lution experiments were performed to determine the critical mass
of gluconate necessary to dissolve the calcium salts contained in
Capolac®. Suspensions were visually inspected for 6 h under
magnetic stirring at 25 �C to investigate which combinations yiel-
ded homogeneous supersaturated solutions. The amount of dis-
solved calcium in Capolac® for the critical combinations of
Capolac® and total gluconate for which the solution just became
clear, was found to depend linearly on the gluconate concentration
for both the ratios gluconate/gluconolactone 1:2 and 1:1, as shown
in Figs. 7 and 8, respectively. This linear dependence on the con-
centration of gluconate for critical combinations of supersaturated
solutions was also previously demonstrated for dissolution of
CaHPO4.2H2O (Cheng & Skibsted, 2018). The linear dependence for
the dissolution of Capolac® and CaHPO4 on gluconate concentra-
tion are compared in Fig. 9. From linear regression of Fig. 9, the
following relationships were obtained:

(i) [Ca2þ]¼ (0.274 ± 0.007) [Gluconate]þ 0.001 for a gluconate/
gluconolactone ratio of 1:1 for Capolac®

(ii) [Ca2þ] ¼ (0.194 ± 0.031) [Gluconate] þ 0.002 for a gluconate/
gluconolactone ratio of 1:1 for CaHPO4.2H2O

(iii) [Ca2þ]¼ (0.545 ± 0.052) [Gluconate]þ 0.002 for a gluconate/
gluconolactone ratio of 1:2 for Capolac®

(iv) [Ca2þ]¼ (0.375 ± 0.001) [Gluconate]þ 0.005 for a gluconate/
gluconolactone ratio of 1:2 for CaHPO4.2H2O

A comparison of the critical supersaturation for a gluconate/
gluconolactone ratio of both 1:1 and 1:2, shows that for Capolac®
and for CaHPO4.2H2O, a change in pH from 3.8 to 3.6, corresponding
to an increase in [Hþ] by a factor of 1.6, increases the proportion-
ality for dependence on gluconate concentration by a factor of 2.1
for Capolac® and a factor of 1.9 for CaHPO4.2H2O, in fair agreement
with a proton assisted dissolution according to equation (7). The
proportionality factor for dependence of critical supersaturation on
gluconate concentration is larger for Capolac® compared with
CaHPO4.2H2O by a factor of 1.4 at pH ¼ 3.8 and by a factor of 1.5 at
pH ¼ 3.6, indicating that other components in Capolac® increases
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Fig. 7. Critical combination of Capolac® and gluconate for formation of supersaturated
solutions in water at 25 �C for a gluconate/gluconolactone ratio of 1:2 as found by
visual inspection. Two phase systems are represented by ; critical calcium/gluconate
combinations for formation of homogeneous supersaturated solutions are indicated by
; indicate the systems for which homogeneous supersaturated solutions were

formed. The critical concentration of total gluconate for a complete dissolution of
Capolac® by gluconate, was determined to be [Ca2þ] ¼ (0.545 ± 0.052)
[Gluconate] þ 0.002. The solution identified with an open square was further analysed
for 8 days; see Table 3. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 8. Critical combination of Capolac® and gluconate for the formation of super-
saturated solutions in water at 25 �C for a gluconate/gluconolactone ratio of 1:1 as
found by visual inspection. Two phase systems are represented by ; critical calcium/
gluconate combinations for formation of homogeneous supersaturated solutions are
indicated by ; indicate the systems for which homogeneous supersaturated solu-
tions were formed. The critical concentration of gluconate to a complete dissolution of
Capolac® by gluconate, was determined to be [Ca2þ] ¼ (0.274 ± 0.007)
[Gluconate] þ 0.001 by linear regression. The solution identified with an open square
was further analysed for 8 days; Table 2. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Critical combinations of CaHPO4.2H2O or Capolac®, and gluconate for the for-
mation of homogeneous supersaturated solutions in water at 25 �C for gluconate/
gluconolactone with a ratio of 1:1 ( , CaHPO4.2H2O; , Capolac® as a source of cal-
cium) and 1:2 ( , CaHPO4.2H2O; , Capolac® as a source of calcium). Data for CaH-
PO4.2H2O are from Cheng and Skibsted (2018). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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the tendency of supersaturation compared with CaHPO4.2H2O, but
independent of pH. In conclusion, gluconolactone increases the
calcium available for dissolution in Capolac®, while gluconate
become responsible for the degree of supersaturation.

Notably, the gluconate concentration required to dissolve the
same concentration of calciumwas found to be lower for Capolac®
compared with CaHPO4.2H2O for both ratios gluconate/glucono-
lactone of 1:1 and 1:2. Capolac® contains other compounds of
relevance for improving calcium solubility, such as lactose and
hydroxycarboxylates such as citrate. Lactose is one example of
calcium-binding compound (Bugg, 1973; Wasserman, 1964). Cal-
cium binding to lactose has been demonstrated in the solid state,
but is very weak in aqueous solution. Citrate, especially, has been
shown to spontaneously yield strongly supersaturated homoge-
neous solutions of calcium hydroxycarboxylates (Garcia et al., 2018;
Vavrusova et al., 2018, 2017; Vavrusova& Skibsted, 2016). Although
the effect of combination of gluconate and citrate for supersatu-
ration of calcium phosphates has not been further explored, sodium
citrate has been shown to yield strongly supersaturated solutions
when added to calcium gluconate.

Calcium saccharate was previously shown to affect the dy-
namics of calcium supersaturation. In a previous study (Garcia,
Vavrusova, & Skibsted, 2016), calcium saccharate was demon-
strated to produce supersaturated solutions of calcium gluconate
with a long lag phase for the initiation of precipitation. Calcium
saccharate has an increased solubility in the presence of gluconate
due to the formation of the complex CaGluþ in a slow ligand ex-
change process:

CaSacðaqÞ þ Glu� #CaGluþ þ Sac2� (12)

The calcium saccharate complex is thermodynamically favoured
over the calcium gluconate complex. However, formation of CaGluþ

is endothermic while formation of CaSac is exothermic, and the
ligand exchange seems to become slow with a large activation
barrier for formation of CaGluþ for initiation of precipitation of
CaGlu2 in the supersaturated solution (Garcia et al., 2016). Such a
large barrier may explain the extremely long lag phase for initiation
of precipitation of calcium gluconate in the presence of calcium
saccharate.

The formation of a complex between calcium ions and gluconate
anions is confirmed from the decrease in the calcium activity upon
the addition of sodium gluconate to a suspension containing
Capolac® and calcium saccharate (Fig. 4A) together with the in-
crease in the total calcium solubility as evidenced by the increase in
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total calcium concentration (Fig. 4B), as also observed in previous
studies (Garcia et al., 2016). Homogeneous strongly supersaturated
solutions formed upon addition of gluconate/gluconolactone to
aqueous Capolac® and calcium saccharate remained supersatu-
rated up to 3 months as saccharate assists the continuous disso-
lution and formation of CaGluþ in a slow process. The dynamics of
this process, however, needs to be further explored for a better
mechanistic understanding.

Calcium saccharate has been recognised for stabilising soy milk
products fortified with calcium gluconate by preventing precipita-
tion of calcium gluconate (Rasyid & Hansen, 1991). Gluconate alone
has nowbeen demonstrated to dissolvewheyminerals overshooting
the equilibrium solubility of the calcium phosphates presented in a
dried whey mineral product. From Fig. 9, the amount of calcium
solubilised may be calculated for different concentration of gluco-
nate. For a solution with 0.25 mol L�1 gluconate with pH 3.8,
approximately 3 g L�1 calciumwill be present as a robust supersat-
uration in comparisonwith around 1.4 g L�1 of calcium in acidwhey,
40mgL�1 of calcium in a saturated solution of calciumgluconate and
14 mg L�1 in a saturated solution of calcium hydrogen phosphate
(McDowell, Brown, & Sutter, 1971; Tanguy et al., 2019). Addition of
solid calcium saccharate corresponding to 1 � 10�2 mol L�1 will
ensure a lag phase for precipitation of calciumgluconate and calcium
phosphates for more than 3 months. These findings should be
further explored in relation to the formulation of functional food for
prevention of osteoporosis based on milk minerals.
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