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ABSTRACT

Calcium citrate tetrahydrate (CCT) and hexahydrate (CCH) precipitates from aqueous solutions of CaCl, and
sodium citrate above and below the transition temperature of 52 °C, respectively. The CCT, the dihydrate (CCD)
and anhydrate (CCA) as obtained by a stepwise dehydration of solid CCH have enthalpy of dehydration of
AHOCCH to CCT = 43.6, AHOCCT to CCD = 43.8, and AHOCCD to CCA = 88.1 kJ-l’l’lOli1 as measured by DSC. WAXS
measurements demonstrate a stepwise decrease in unit cell size upon dehydration, and a stronger binding of the
two first water compared to additional. The increasing negative enthalpy of dissolution, as calculated from the
temperature dependence of solubility (10-90 °C), +21 kJ-mol ! (CCH), 20 kJ -mol ! (CCD), -22 kJ-mol !
(CCD), and —40 kJ-mol ! (CCA) shows along the series of hydrates with increasing solubility, enthalpy—entropy
compensation with an isoequilibrium temperature of 49 °C. Conversion of CCD and CCA in aqueous solutions
yields the more soluble CCT, not the stable CCH in agreement with Ostwald’s stage law, increasing calcium
bioaccessibility under physiological conditions in intestines.

1. Introduction

Calcium is more bioavailable from calcium citrate than from more
simple salts like calcium carbonate despite a common dissociation into
calcium ions under gastric conditions of low pH (Pak, Harvey, & Hsu,
1987; Tondapu et al., 2009; Hanzlik, Fowler, & Fisher, 2005). Calcium
citrate has even been found to promote bone growth under healing of
bone fractures (Wang et al., 2012; Palermo et al., 2019). More recently a
high bone mass and bone resorption has been found to correlate with
high circulating citrate in adults (Hartley et al., 2020).

In the search for an explanation for these unique and somewhat
unexpected properties of calcium citrate in relation to human nutrition
and bone health, complex formation between calcium and citrate has
been in focus (Holt, Lenton, Nylander, Sgrensen, & Teixeira, 2014).
Calcium binds to hydrogencitrate and even more strongly to citrate
depending on pH (Vavrusova & Skibsted, 2016). Excess of citrate has
thus been found to activate calcium from calcium citrate improving
bioavailability (Sakhaee & Pak, 2013). However, complex formation
alone does not fully explain these phenomena. The complex formation in
the chyme under the neutral to alkaline conditions of the intestines,

where calcium absorption occurs, competes with precipitation of cal-
cium as phosphates, carbonates, phytates and palmitates (Goss, Lemons,
Kerstetter, & Bogner, 2007). Moreover, both precipitation and complex
formation will lower the free calcium concentration below the critical
limit for absorption (Skibsted, 2016).

Calcium salts of hydroxycarboxylic acids like gluconic acid and citric
acid spontaneously form supersaturated solutions in non-thermal pro-
cesses, when calcium phosphates and other calcium salts of low solu-
bility dissolves following addition of sodium hydroxycarboxylates
(Skibsted, 2016). For certain combinations of hydroxycarboxylates
spontaneous and robust supersaturation of up to a factor of 50 was
observed with a lag phase for precipitation of days and even weeks
(Vavrusova, Garcia, Danielsen, & Skibsted, 2017). Maybe the most
surprising observation was the spontaneous supersaturation occurring,
when calcium citrate tetrahydrate was dissolved in aqueous sodium
citrate at a constant temperature (Vavrusova & Skibsted, 2016). Inter-
action between calcium citrate and citric acid/citrate is also seen as
coupled diffusion under neutral to moderately acidic conditions, which
also could be of importance for calcium bioavailability (Rodrigo,
Ribeiro, Verissimo, Esteso, & Leaist, 2019).

Abbreviations: DSC, differential scanning calorimetry; DVS, dynamic vapor sorption; WAXS, wide-angle X-ray scattering; CCH, calcium citrate hexahydrate; CCT,
calcium citrate tetrahydrate; CCD, calcium citrate dehydrate; CCA, anhydrous calcium citrate.
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Calcium citrate forms several well characterized hydrates, of which
the tetrahydrate, when dissolved in aqueous solution, remains super-
saturated with respect to precipitation of the more stable and less sol-
uble hexahydrate (Vavrusova & Skibsted, 2016). This robust
supersaturation also remains unexplained, but may relate to the spon-
taneous supersaturation observed, when sparingly soluble calcium
hydroxycarboxylates dissolve in aqueous solution in the presence of
other hydroxycarboxylates (Vavrusova et al., 2017). In order to obtain a
better understanding for these supersaturation phenomena, clearly of
importance for calcium metabolism and bone health, we have investi-
gated the transformation between the hydrates of calcium citrate in the
solid state and during equilibration with aqueous solutions, all within
the framework of Ostwalds’ stage law (Threlfall, 2003).

2. Materials and methods
2.1. Materials

Tricalcium dicitrate tetrahydrate (CasCitry-4H20, CCT, 99%), triso-
dium citrate dihydrate (NagCitr-2H,0), and Murexide were purchased
from Sigma Aldrich (Steinheim, Germany). Calcium chloride dihydrate
(CaCly-2H50), ethylenediaminetetraacetic acid disodium salt dihydrate
(EDTA), and sodium hydroxide (NaOH) were purchased from Merck
(Darmstadt, Germany). The Milli-Q deionized water was made by Milli-
Q Plus (Millipore Corp., Bedford, MA, USA).

2.2. Drying experiment

100 mg CCT and 100 mg calcium citrate hexahydrate
(CasCitry-6H20, CCH) was dried in order to confirm the existence of
calcium citrate dihydrate (CasCitro-2H20, CCD) and anhydrous
(CasCitry, CCA). CCT and CCH samples were dried stepwise in a drying
cabinet with an increasing temperature from 75 °C to 110 °C and from
30 °C to 110 °C, respectively. All the samples were stored in air at 25 °C
for three days after the drying process in the oven. All samples were
weighed at different times in order to follow the mass changes during the
whole drying and recovery process.

2.3. Synthesis

CCH was made by mixing an equal volume of NagCitr solution
(0.030 M) and CacCl; solution (0.045 M) and after 24 h at room tem-
perature, the precipitate was collected and washed with water followed
by ethanol. By precipitation at 70 °C CCT was formed. The solid was
dried at 25 °C in a drying cabinet for 3 days (Chattejee & Dhar, 1924).
The CCD was made from CCT by drying at 80 °C for one week. The CCA
was made from CCT by drying at 110 °C for one week.

2.4. Differential scanning calorimeter (DSC)

A total of about 10 mg of each sample was filled in 40 pL aluminum
pan and the heat consumption during drying was determined by a DSC
STAR® System from Mettler Toledo (Schwerzenbach, Switzerland) with
an empty aluminum pan as a reference (Cheng, Garcia, Tang, Danielsen,
& Skibsted, 2018). The samples were measured from 25 °C to 200 °C
with a scanning rate of 10 °C/min and the curves of heat flow over time
was used to calculate the change of enthalpy (AHOdehydr) for the dehy-
dration process of each salt using Eq. (1) (Mansour, 1994). Hg is the heat
flow from DSC measurement, t is the time, m is the sample mass, and M is
the molar mass (g/mol) of the sample.

Anghydr = /det/(m/M) 1)
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2.5. Determination of solubility product

EDTA titration was used for measuring the solubilities of CCH, CCT,
CCD and CCA at different temperature of 10, 25, 37, 50, 70 and 90 °C.
Suspension of each of the salts were prepared with 0.0015 mol salt and
100 mL Milli-Q water at investigated temperature. After equilibration
the pH of solutions were measured by a pH meter (HQ411d; Hach
Company, CO. USA), and the filtered solutions (Whatman paper, 42#;
Whatman International Limited, Kent, UK) were titrated. A 0.002000 M
EDTA solution and a 0.002000 M CacCl, solution were used as standards,
and Murexide 0.5% was used as indicator (Harris, 2007). All the solu-
tions with excess solid calcium citrate were equilibrated for half an hour
with stirring in a baker in a thermostable water bath. Afterwards, the
saturated solutions were filtered in an oven at the temperature of
investigation. Then the total calcium concentrations of these saturated
solutions were titrated by EDTA at room temperature.

The relationship between concentrations and activities of ions X%~ is
defined by:

a(xzi) — Y:t [X:t] (2)

where a(X*%) is the activity of ion X?%, and [X%*] is the concentration of
ion X*. y** is the coefficient of activity of ion X**, which may be
calculated by the expanded form of the Debye-Hiickel equation:

logr™* = —Apnz’(V/1/(1 + /1) — 0.301) (3)

where Apy is the Debye-Hiickel constant with the values of 0.480, 0.510,
0.522, and 0.536 at 10, 25, 37, and 50 °C, respectively, and z is the
charge of the ions. e.g. z = 2 for Ca®* (Davies, 1962). I is the ionic
strength of the aqueous solution as defined by

1=05) (22X 4

Two chemical equilibria were considered, i.e. the precipitation
equilibrium and the coordination equilibrium, for each solution based
on activities:

CasCitryxHy0(s) = 3Ca*" + 2Cit®™ + xH20 Kp o = (@(Ca*))’+(a
(Citr’))? (5)

Ca?" 4 Citr’~ = CaCitr™ K54 = a(CaCitr™)/(a(Ca® 1)« a(Citr® 7)) (6)

Ksp,q is the solubility product based on the activities of the individual
ions, and Kass q is the association constant based on activities. The Kpgs
values for CaCitr™~ are 5.04 x 10%, 3.43 x 10* 3.84 x 10* 5.99 x 10* at
10, 25, 37, and 50 °C, respectively (Vavrusova & Skibsted, 2016), which
when combined with the following for mass balance:

[Cayom] = [Ca®"] + [CaCitr™] @)
and principle of electroneutrality:
2[Ca*"] = 3[Citr* ] + 2[HCitr* "] + [H,Citr"] + [CaCitr"] (8)

allow for the calculation of calcium citrate speciation in aqueous solu-
tions of calcium citrate also considering Ka1, Ka2, and Kys, the dissoci-
ation constants of citric acid (Bates & Pinching, 1949):

H;Citr = H' 4 H,Citr™ Ky = a(H") - a(H,Citr™)/a(H;Citr) 9
HoCitr™ = HT + HCitr’™ Ky = a(H") - a(HCitr> " )a(H,Citr ™) (10)
HCitr>™ = H + Cit’™ K3 = a(H") - a(Citr’")/a(HCitr> ) 11

Iterative methods were used in this type of calculation, in which I
was given an initial value of 0.01. The concentrations of Ca2+, Citr3’,
CaCitr~, HCitr?", H,Citr~, and HsCitr for each calcium citrate solution
were calculated by combining the determined solubilities, measured pH,
the given I, and solving Egs. (2), (3) and (5)-(11) in each case. Afterward
a new value of ionic strength I, was calculated by combining ion
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concentrations and Eq. (4). The iterative calculation continued until the
value for ionic strength became constant as shown in Scheme S1.
For calculations of speciation at varying pH, the equilibrium

Ca®* + HCitr*~ = CaHCitr 12)

with Kass o = 2600 was also included in the iterative calculation (Vav-
rusova, Danielsen, Garcia, & Skibsted, 2018).

Using the concentrations and activities of each ion calculated from
iterative calculation, the solubility products were calculated based on
activities of calcium ions and citrate ions by Eq. (5). The solubility product
based on concentration was calculated correcting all activities to con-
centrations using Eq. (3) for the actual ionic strength of the saturated
calcium citrate solution at each temperature.

2.6. Determination of calcium ion activity

The activity of calcium ions in saturated solutions of the hydrates of
calcium citrate and of the anhydrate was measured by a selective elec-
trode ISE25Ca with a reference REF251 electrode from the Radiometer
(Copenhagen, Denmark). The transition between the individual forms of
calcium citrate were followed for up to 4 months at 25 °C. The standard
for calibrating the electrode were calcium chloride solutions with con-
centrations of 1.00 x 10™* M, 1.00 x 1073 M, and 1.00 x 1072 M. The
calcium ion activities of the standard solutions were calculated by Eq. (2)
(Cheng et al., 2018).

2.7. Dynamic vapor sorption (DVS)

A total of about 10 mg for each of the hydrates of calcium citrate and
for the anhydrous calcium citrate was used for establishment of sorption
isotherms and hysteresis curves. The curves were measured by DVS 1
system (Surface Measurements System, London, UK) with an
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Fig. 1. Thermogravimetric analysis for hexahydrate (CCH, a) and tetrahydrate
(CCT, b) of calcium citrate. Mass changes of 2.97 % and 3.16 % for CCH and
CCT, respectively, correspond to loss of one molecule of water for each mole-
cule of calcium citrate.
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equilibration sorption criterion of 0.002%/min at 25 °C (Hagelstein,
Gerhart, & Wagner, 2018).

2.8. Wide-angle X-ray scattering (WAXS)

WAXS is a technique for analyzing the structure of particle systems in
terms of averaged sizes or shapes. WAXS profiles were measured using a
GANESHA instrument from SAXSLAB (Lyngby, Denmark). The instru-
ment uses a Rigaku (Rigaku-Denki, Co., Tokyo, Japan) 40 W micro-
focused Cu-source producing X-rays with a wavelength of 1 = 1.54 A
detected by a moveable Pilatus 300 k pixel-detector from Dectris (Baden,
Switzerland) allowing different length scales to be measured. The two-
dimensional scattering data were azimuthally averaged and corrected
for detector inhomogeneities using standard reduction software (SAXS-
GUI). The radially averaged intensity (Int.) is given as a function of the
scattering vector ¢ = 4n-sind/A, where 1 is the wavelength and 20 is the
scattering angle. For the WAXS this covers a g-range from 0.23 to 3.1 A
corresponding to an upper 26 value of 44.6° or 2.03 A.

3. Results

Three hydrates of calcium citrate are well-characterized, the hexa-
hydrate (CCH), the tetrahydrate (CCT), and the dihydrate (CCD) together
with anhydrous calcium citrate (CCA). CCH and CCT are obtained by
precipitation from aqueous solutions of calcium chloride and sodium
citrate below and above the transition temperature of 52 °C, respectively
(Chattejee & Dhar, 1924). The CCH was the common polymorphic form
and not the form as is known from hydrothermal synthesis at lower
temperature. This should be evident from the WAXS pattern as seen in
Fig. 3 compared to the diffraction pattern recently published (Kaduk,
2018). CCD and CCA are obtained by drying of the higher hydrates. As
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Fig. 2. DSC curves of hexahydrate (CCH), tetrahydrate (CCT), dihydrate (CCD),
and anhydrate (CCA) of calcium citrate.
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Ca*" + Citr*~

AHC44,6/(CCT) = —20.42 KJ/mol
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AHpp1ex = —5.07 kJ/mol

— > CaCitr

AH4(CCA) = —40.18 kJ/mol

AHC 4;,,(CCD) = —21.67 kJ/mol

_ ~ 40°C _ ~ 60°C _ ~110°C _
Ca,Citr,6H,0 (s) —> Ca,Citr,4H,0 (s) + 2H,0 —»> Ca;Citr,2H,0 (s)+4H,0 —>  CaCitr, (s) + 6H,0

AH4446(CCH-CCT) = 43.6 kJ/mol

AH44334:(CCT-CCD) = 43.8 kJ/mol

AH441,45:(CCD) = 88.1 kJ/mol

Scheme 1. Dehydration and dissolution processes of CCH, CCT, CCD and CCA. Dissolution enthalpies (AH4iss01) are from the solubility products at different
temperatures (Fig. 5). Dehydration enthalpies (AHOdehydr) are obtained from integrations of DSC curves (Fig. 2) according to Eq. (1). AHOC,,mPIeX is from Vavrusova

and Skibsted (2016).

seen in Fig. la, the weight loss of ~7.5% for CCT corresponds to two
water molecules for drying stepwise up to 95 °C, while the weight loss of
~13.9% corresponds to four water molecules for drying up to 110 °C. The
dried CCT products are CCD and CCA in the temperature regions of
75-95 °C and 105-110 °C, respectively, as confirmed by DSC measure-
ments. Both CCD and CCA absorb vapor from air, and CCT but not CCH is
formed according to the mass change, and to the DSC thermograms of the
dried CCD and CCA equilibrated in air. CCH drying experiments showed
similar results as shown in Fig. 1b, and CCH dried to form CCT, CCD, and
CCA at 40 °C, 80 °C, and 110 °C, respectively.

DSC thermograms of CCT and CCH, and of CCD and CCA obtained by
drying CCT are shown in Fig. 2. The thermograms show three endo-
thermic events for CCH positioned at 63, 88, and 140 °C. For CCT two
endothermic events are recognized at 96 and 151 °C, while for CCD only
one endothermic event at 146 °C is recognized. CCA shows no indication
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Fig. 3. The intensity (Int.) against 20 curves for hexahydrate, tetrahydrate,
dihydrate, and anhydrate of calcium citrate from WAXS.

Table 1
Solubility of hexahydrate (CCH), tetrahydrate (CCT), dihydrate (CCD) and
anhydrous calcium citrate (CCA) in water as determined by EDTA titration.”

Temp./°C CCH/mM CCT/mM CCD/mM CCA/mM

10 2.449 £ 0.029  5.436 + 0.041 5.485 + 0.030 8.848 + 0.061
25 3.141 £ 0.029  4.646 + 0.068  4.939 + 0.030 7.045 + 0.015
37 3.746 £ 0.058  4.360 + 0.054  4.242 + 0.030 5.788 + 0.030
50 3.904 £ 0.014  4.101 £ 0.068  4.061 + 0.061 4.621 + 0.136
70 3.947 £ 0.029  3.460 £ 0.027 3.788 + 0.030 4.045 + 0.015
920 4.250 + 0.014  2.772 4+ 0.020 3.076 + 0.015 3.258 + 0.045

# Solubility was based on concentration of total calcium.

of endothermic events. The endothermic event at 63 °C is accordingly
assigned to loss of two water from CCH to form CCT, while the endo-
thermic event at 89 °C is assigned to loss of two additional water to form
CCD, and the endothermic event at 141 °C is assigned to the loss of the
final two water molecules to form CCA at 150 °C. The last two trans-
formations are also seen in the thermograms of CCT now at 96 °C and
151 °C, respectively, and the high temperature transformation in the
thermogram for CCD is seen at 146 °C. The enthalpies of dehydration as
calculated from the integrated area based on Eq. (1) for CCH are 77.7 kJ/
mol from 43.1 °C to 106.1 °C, and 97.8 kJ/mol from 106.1 °C to 152.5 °C,
respectively. For CCT the enthalpies of dehydration are 45.1 kJ/mol from
62.4 °C to 115.5 °C, and 86.8 kJ/mol from 115.5 °C to 165.0 °C,
respectively. For CCD the enthalpy of dehydration is 88.1 kJ/mol from
92.5 °C to 162.0 °C. The dehydration enthalpy (AHOdehydr) of CCH, CCT,
and CCD as calculated by Eq. (1) are shown in Scheme 1. The values of
AHOdehydr for losing two crystal waters follows the order CCH ~ CCT >
CCD. The reported values are from dehydration using a heating rate of 10
K-min'. Heating rate was varied between 1 K-min~" and 15 K-min 7,
and heating rate did not influence the enthalpy of dehydration but the

0.008 |

0.006

0.004

0.002

Concentration of total calcium (M)

20 40 60 80
T(°C)

Fig. 4. The solubilities of hexahydrate (CCH), tetrahydrate (CCT), dihydrate
(CCD), and anhydrate (CCA) of calcium citrate based on the total calcium
concentration at different temperatures.



Table 2
Ton speciation in homogeneous saturated solutions of hexahydrate (CCH), tetrahydrate (CCT), dihydrate (CCD) and anhydrous calcium citrate (CCA) in water, and solubility product based on concentrations and on
activities.

Citrate Temp. pH Concentration of the main species (M) Activity of the main species Ksp,c / M> Kspa
type (°0)
[Ca%"] [Citr®7] [CaCitr™] [HCitr®"] [HCitr ] [HsCitr] a(Ca®") a(Citr®") a(CaCitr™) a(HCitr?") a(H,Citr™) CaCitr,
CCH 10 6.05 9.84 x 6.18 x 1.47 x 1.02 x 4.34 x 490 x 107°  7.69 x 3.55 x 1.38 x 7.95 x 4.08 x 3.65 x 5.75 x
1074 107° 1073 107* 107° 107* 107° 1073 107° 10°° 10718 107%
25 6.22  1.26 x 1.00 x 1.88 x 1.07 x 3.02 x 229 x107°  9.53 x 5.37 x 1.76 x 8.13 x 2.82 x 2.00 x 2.50 x
1073 1074 1073 1074 10°° 1074 10°° 103 10°° 107 107 10718
37 6.25 1.45 x 9.99 x 2.30 x 9.76 x 2.53 x 1.78 x 10°°  1.08 x 5.15 x 2.13 x 7.27 x 2.35 x 3.04 x 3.33 x
1073 10°° 1073 107° 10°° 1073 10°° 1073 107° 10°° 1077 10718
50 6.46  1.41 x 6.98 x 2.49 x 4.24 x 6.82 x 2.97 x 1.06 x 3.65 x 2.32 x 3.18 x 6.34 x 1.38 x 1.59 x
1072 107° 1073 107° 1077 10710 1073 107° 1073 107° 1077 107V 10718
cCT 10 5.87 211 x 8.84 x 3.33 x 1.94 x 1.17 x 1.94 x 107 1.49 x 4.06 x 3.05 x 1.38 x 1.07 x 7.30 x 5.48 x
1072 107° 1073 1074 107° 1073 107° 1073 1074 107° 107 10718
25 6.00 1.87 x 1.17 x 2.78 x 1.94 x 8.71 x 1.08 x 10°%  1.34 x 5.55 x 2.56 x 1.39 x 8.02 x 8.89 x 7.46 x
1073 107 1073 107 10°° 1073 10°° 1073 107 10°° 107" 10718
37 5.84  1.80 x 9.77 x 2.56 x 2.36 x 1.54 x 2.77 x 107 1.30 x 471 x 2.36 x 1.71 x 1.42 x 5.60 x 491 x
1072 107° 1073 1074 107° 1073 107° 1073 1074 107° 107V 10718
50 5.94  1.57 x 6.66 x 2.53 x 1.32 x 6.93 x 9.95x 107°  1.16 x 3.37 x 2.34 x 9.72 x 6.42 x 1.72 x 1.78 x
1073 107° 1073 1074 107° 1073 107° 1073 107° 107 1077 10718
CCD 10 5.62  2.26 x 8.23 x 3.22 x 3.18 x 3.36 x 9.94 x 107  1.58 x 3.69 x 2.95 x 2.23 x 3.07 x 7.85 x 5.42 x
1072 107° 1073 107 10°° 1073 107° 1073 107 107° 1077 10718
25 576  2.10 x 1.12 x 2.84 x 3.16 x 2.44 x 524 x 107®  1.48 x 5.12 x 2.60 x 2.23 x 2.23 x 1.16 x 8.54 x
1072 1074 1073 107* 107° 1073 107° 1073 107* 107° 10716 10718
37 597  1.71 x 1.00 x 2.54 x 1.81 x 8.83 x 118 x 107 1.24 x 491 x 2.34 x 1.32 x 8.15 x 4.97 x 4,63 x
1073 1074 1073 1074 10°° 1073 10°° 1073 1074 10°° 1077 10718
50 590 1.57 x 6.56 x 2.49 x 1.42 x 8.21 x 1.29 x 10°%  1.16 x 3.32 x 2.31 x 1.05 x 7.62 % 1.67 x 1.73 x
1073 107° 1073 107* 107° 1073 107° 1073 107* 10°° 107V 10718
ccA 10 572 3.41 x 1.13 x 5.44 x 3.19 x 2.54 x 5.88 x 107°  2.23 x 4.36 x 4.89 x 2.09 x 2.29 x 5.09 x 2.10 x
1072 1074 1073 107* 107° 1073 107° 1073 107* 107° 10716 1077
25 571 293 x 1.37 x 412 x 4.06 x 3.37 x 8.02x10°%  1.96 x 5.55 x 3.73 x 2.72 x 3.05 x 4.68 x 2.31 x
103 104 103 104 10°° 103 10°° 103 104 10°° 10716 107
37 5.69  2.42 x 1.09 x 3.36 x 3.53 x 3.15 x 7.91 x 107 1.68 x 4.77 x 3.07 x 2.44 x 2.87 x 1.70 x 1.07 x
1073 1074 1073 107* 107° 1073 107° 1073 107* 10°° 10716 107
50 561  1.90 x 6.43 x 2.72 x 2.63 x 2.90 x 8.85x 107  1.37 x 3.07 x 251 x 1.89 x 2.67 x 2.84 x 2.40 x
1072 107° 1073 1074 107° 1073 107° 1073 1074 107° 1077 10718

3 mT DX

XXX (XXXX) XXX [DUONDULIAIUT YIIDISIY POO]
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Fig. 5. The temperature effects on the solubility products of hexahydrate
(CCH), tetrahydrate (CCT), dihydrate (CCD), and anhydrate (CCA) of calcium
citrate in water based on the activities of Ca®>" and Citr®~. The enthalpies of
dissolution AH ;) are presented in Table 4b.,

temperature of the dehydration increased for increasing scanning rate.

The crystal structures of the three hydrates and the anhydrous form
of calcium citrate were different as shown by WAXS measurements in
the g range of 0.23-3.1 A. The Int./26 curves of citrates with crystal
waters, CCH, CCT, and CCD had similar peak shapes for the scattering
with the CCA being more different compared to others, as seen in Fig. 3a.
The Int./20 curves of CCH, CCT, and CCA corresponded to the XRD
previously reported as shown in Fig. S1 (Kaduk, 2018). The crystal peak
around 20 = 5.7° have a right shift increasing with the decreasing
amount of crystal water in agreement with a tighter structure upon loss
of crystal water, see Fig. 3b.

The solubilities of the different types of calcium citrates were
measured at different temperatures from 10 to 90 °C by a titration
method, see Table 1. In a comparison with CCT, the solubilities of CCD
are marginally higher, the CCA are considerably higher up to 50 °C. The
solubilities of these three forms of calcium citrate have a similar trend
decreasing for increasing temperature. The solubility of CCH was found
lower than for CCT up to approximately 51 °C. Above this temperature
the solubility of CCH became higher than the solubility of CCT and CCD,
and continued to increase, as shown in Fig. 4.

The solubilities are shown in Table 1 as total calcium concentrations
which was used to calculate the concentrations and activities of the main
ion species present in the solutions together with the solubility products
using combinations of Egs. (2)-(11) at 10-50 °C, see Table 2, using the
iteration procedure as shown in Scheme S1. The solubility products
based on activities were used to calculate the dissolution enthalpy
(AHOdissol) for CCH, CCT, CCD and CCA according to Eq. (13), see Fig. 5.
The AH 4501 Was found to have the value 21.26 kJ/mol for CCH, —20.42
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Fig. 6. Calcium ion activity during 4 months in saturated calcium citrate so-
lutions of hexahydrate (CCH), tetrahydrate (CCT), dihydrate (CCD), and
anhydrate (CCA). Insert is the magnification of the initial period.
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Fig. 7. Water sorption isotherms and hysteresis curves for hydrates of calcium
citrate and for the anhydrate.

kJ/mol for CCT, —21.67 kJ/mol for CCD, and —40.18 kJ/mol for CCA as
shown in Scheme 1.

InKy, = —AH)

dissol

/R.I/T—"_As?liasol/R 13)

According to the values of AHOdehydr and AH s shown in Scheme
1, for the four solid calcium citrate salts, the CCH transformation to CCT
occurs at around 40 °C, while CCT transforms to CCD and CCA by drying
at 60 and 110 °C, respectively. CCD and CCA could recover to CCT by
absorbing vapor from air at temperatures below 40 °C.

Among the saturated aqueous solutions of calcium citrate, transition
between the hydrates was also demonstrated. Fig. 6 shows the changes
in calcium ion activity (a(Ca®h)) of saturated calcium citrate solutions
with time in water at 25 °C. The a(Ca2+) of CCT and CCH were very
stable after stirring for several hours, but the a(Ca®") of CCD and CCA
kept decreasing until the same activity as was found for a saturated
solutions of CCT, indicating the transition from CCD and CCA and to
CCT, but not further to the thermodynamically most stable form, CCH.
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Fig. 8. Total calcium concentration in saturated solutions of calcium citrate
tetrahydrate of varying pH at 25 °C.
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Fig. 9. Speciation in saturated solution of calcium citrate tetrahydrate at 25 °C
at indicated pH. The speciation at varying pH are presented in Table 3.

The calcium activity in the saturated solutions of CCT and CCH stayed
constants for up to four months without any transformations in satu-
rated aqueous solutions.

In agreement with the apparent inertness of CCT compared both to
CCA and CCD and compared to CCH, the sorption isotherm for CCT
showed less hysteresis than the sorption isotherm of CCA, CCD and CCH,
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Fig. 10. Enthalpy-entropy compensation for dehydration (a) and dissolution
(b) AH genyar = ((193.7 + 273.2) £ 35.0) AS%genyar — (19.4 £ 6.0) (R > 0.98);
and AH gisso1 = ((48.6 + 273.2) + 6.1) AS® + (106.8 + 2.1).) (R? > 0.99). The
detailed values are shown in Table 4.
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see Fig. 7.

The unique properties of CCT was investigated further in relation to
the pH dependence of the solubility and a possible pH-dependent
transformation of the less stable but inert CCT to the stable CCH at
25 °C. The pH effect on solubility of calcium were investigated for
saturated CCT aqueous solutions, and solubility became lower with
increasing pH, see Fig. 8. The dominating calcium speciation at lower
pH, are Ca%" and CaHCitr. The CaCitr™ is the main soluble calcium for
pH higher than ~5.5 as shown in Fig. 9 and Table 3. The robustness of
supersaturated solutions of calcium citrate at “natural” pH of these so-
lutions (Table 2) may accordingly be assigned to the slow precipitation
reaction:

Ca*" + 2CaCitr™ + 4H,0 = CasCitry-4H,0 14)

Under the slightly alkaline conditions of the intestines calcium cit-
rate dissolved at the lower pH of the stomach may stay in solution and if
precipitated form the tetrahydrate. Both the higher solubility of CCT and
the robustness of supersaturated CCT solutions seems to contribute to
the higher bioaccessibility of calcium citrate compared to other calcium
salts.

Upon acidification of solutions of calcium citrate hydrates, HCitr?~
will form, and especially around pH of 5 induce precipitation of the
hexahydrate with its lower solubility, see Table 2 for solubility products.
Accordingly, for a pH region just below neutrality, calcium citrate may
precipitate and decrease in equilibrium solubility, see Fig. 9 and Table 3.

4. Discussion

Calcium citrate represent an interesting example of a salt, where the
dehydration enthalpy for a series of hydrates correlates with the heat of
dissolution of the same salts. The decreasing solubility along the series
CCA > CCD > CCT > CCH at 25 °C indicates that CCA has a higher
aqueous solubility than the hydrated form of calcium citrate. Crystal
structures are available and the vacancies in the crystals of the less
hydrated calcium citrates lead to holes inducing a structure collapse and
smaller crystal cell as show in Fig. 3 (Kaduk, 2018). The property of CCA
is quite different compared to the hydrates due to absence of crystal
water (Herdtweck, Kornprobst, Sieber, Straver, & Plank, 2011). The two
crystal waters of CCD are coordinated strongly to calcium and are
difficult to remove. The structures and properties of CCD and CCT are
similar and the dominance of the two strongly coordinated waters en-
tails similar reverse solubilities, water sorption behaviors and crystal
structures for CCD and CCT.

The transition processes among the hydrates and anhydrate of cal-
cium citrate were investigated for each of the salts in saturated aqueous

a) klf sz ksf
CCA &—— CCD CCT CCH
ke kP Jes®
k f
e ettt T >
b)

CCH

Time

Scheme 2. (a) Transition between anhydrous calcium citrate and calcium
citrate hydrates in saturated aqueous solutions at 25 °C: rate constants for
forward reaction (k") and backward process (kP); (b) The transition process
among the four types of calcium citrate depicted according to the Ostwald’s
stage law.
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Table 3

Speciations of saturated aqueous calcium citrate tetrahydrate solutions at 25 °C of different pH based on total calcium as determined by EDTA titration and iterative

calculations.
pH [Ca®*] [CaCitr~] [CaHCitr] [Citr®7] [HGitr?"] [HyGitr ] [HsCitr] [Caliotal
3.20 5.49 x 1072 4.03 x 107* 3.70 x 1072 5.24 x 107° 2.19 x 1072 3.57 x 1072 2.33 x 1072 9.24 x 1072
3.64 1.47 x 1072 4.96 x 107* 1.80 x 1072 8.96 x 107° 2.05 x 1072 1.56 x 1072 4.00 x 1072 3.32 x 1072
4.00 5.78 x 1072 5.78 x 107* 9.59 x 1072 1.50 x 10°° 1.91 x 1073 7.28 x 1073 8.56 x 10°* 1.59 x 1072
4.47 2.40 x 107° 8.61 x 107* 5.00 x 107° 3.69 x 107° 1.86 x 1072 2.64 x 1072 1.09 x 1074 8.26 x 1072
4.90 1.55 x 1073 1.44 x 1072 3.15 x 1072 8.32 x 107° 1.65 x 1073 9.03 x 107* 1.40 x 107° 6.14 x 1073
5.36 1.40 x 1073 2.43 x 1072 1.85 x 1073 1.44 x 1074 1.02 x 1073 1.97 x 1074 1.06 x 10°© 5.69 x 1072
5.73 1.37 x 1073 2.55 x 1072 8.36 x 107* 1.41 x 1074 4.42 x 1074 3.74 x 107° 8.67 x 107° 4.76 x 1073
6.19 1.52 x 1073 2.83 x 107° 3.18 x 107* 1.37 x 107* 1.50 x 107* 4.42 x 107° 3.56 x 10~° 4.63 x 1073
6.66 1.69 x 1073 3.04 x 1072 1.17 x 1074 1.37 x 1074 5.05 x 107° 5.01 x 1077 1.36 x 1071° 4.85 x 1073
6.97 1.66 x 103 2.95 x 1072 5.56 x 107° 1.33 x 1074 2.42 x 107° 1.18 x 1077 1.58 x 107! 4.66 x 1073
8.49 1.63 x 1073 2.86 x 107° 1.63 x 107 1.30 x 1074 7.18 x 1077 1.06 x 10710 0 4.49 x 1073
9.57 1.66 x 1073 2.92 x 1072 1.38 x 1077 1.31 x 107* 6.00 x 1078 7.36 x 10713 0 4,57 x 1073

solutions by measurement of calcium ion activity and for the solid
compounds by DSC measurements. The CCA and CCD transform to CCT
in a few days in contact with water, but the CCT is not transformed
further to CCH despite a negative AG for this process. As shown in
Scheme 1 AHCisso1 Of CCT is negative compared to AH4iso1 Of CCH
which is positive. According to Ostwald’s stage law, the transformation
along a series of hydrates with increasing numbers of crystal water is an
enthalpy decreasing process, and the transformation order should be
CCA — CCD - CCT — CCH (Van Santen, 1984; Casey, 1988). However,
the energy barrier increases and the transformation rate decreases for
transformation to the increasingly more stable form, see Scheme 2b
(Schmelzer & Abyzov, 2017; Chung, Kim, Kim, & Kim, 2009). The
precipitates of both of CCT and CCH can coexist in equilibrium in
aqueous solutions. The Ca* activity of a saturated solution of CCT did
not decrease and DSC thermograms of CCT isolated from the saturated
solution remained unchanged for at least 4 months as shown in Figs. 6
and S3. The transition between CCT and CCH in equilibrium with dis-
solved calcium citrate in water includes at least two steps CCT solid —
aqueous solution — CCH solid. However, CCH appears from CCT
following adjustment of pH to lower values indicating that the rate
determining step must be the dissolution of CCT while the step in which
CCH precipitates from solution must be fast. Hence the process CCT
solid — aqueous solution is the rate controlling step in effect making the
CCT dominating for a long time in pseudo equilibrium with the aqueous
solution. Newly formed CCH precipitated on the surface of CCT may also
hamper dissolution of CCT.

The solubility of CCT is higher than CCH at room temperature and
while CCH is the stable form, CCT is inert in a pseudo equilibrium with
the aqueous solutions. CCT has accordingly been the first choice for
beverage or food supplements, and patents have protected synthesis
methods in which CCT are made from boiling solutions of CaCly and

Table 4

Enthalpies of dehydration (a) and dissolution (b) of calcium citrates from
Scheme 1. Entropies for dehydration were calculated at equilibrium temperature
from enthalpies of dehydration using Eq. (15). Enthalpies for dissolution were
calculated from solubility product at varying temperature using Eq. (13), and
isoequilibrium entropies for dissolution were calculated according to Eq. (16).

(@)

Dehydration AH®/kJ-mol ! AS%/kJ-mol 1K !
CCH to CCT 43.6 0.139

CCT to CCD 43.8 0.131

CCD to CCA 88.1 0.230

(b)

Dissolution AH°/kJ-mol ! AS%/kJ-mol 1K !
CCH 21.26 + 0.64 —0.266 + 0.002
CCT —20.42 £ 0.76 —0.396 + 0.003
CCD —21.67 £ 1.04 —0.399 + 0.004
CCA —40.18 £ 1.66 —0.453 £+ 0.006

NasCitr or other combination of calcium and citrate salts. (Chattejee &
Dhar, 1924; Bailey, Nehmer, & Elmore, 2010) The CCH can be produced
by mixing the solutions of CaCl, and NasCitr at room temperature
(Chattejee & Dhar, 1924), in agreement with the solubility curves for
calcium citrate hydrates as seen in Fig. 4. The CCT have higher solubility
than the CCH increasing the bioaccessibility of calcium from the in-
testines at physiological temperature.

For dehydration the equilibrium temperatures as determined by DSC
are shown in Table 4 and for these conditions the ASOdehydr may be
calculated from:

Asgehydr = AHz(i)ehydr/ Tivans, for AGgehydr =0 (15)

the enthalpy-entropy compensation (Dutronc et al., 2013; Griessen
et al., 2020) seen in Fig. 10a with an isoequilibrium temperature of
193 °C confirms the homologue transfer along the hydrates of the cal-
cium citrate. This is further confirmed for the thermodynamics of the
dissolution of the calcium citrates for which:

AHS

dissol

1 = TisoeqAS® + constant (16)

provides an isoequilibrium temperature of 49 °C very close to the tem-
perature for which the hydrates of calcium citrates have the same sol-
ubility, see Fig. 10b.

The enthalpy-entropy compensation demonstrated for calcium cit-
rates may be most important for the dissolution of calcium citrate hy-
drates. The unique dissolution behavior of calcium citrate hydrates with
one hydrate dissolution (CCH) being endothermic, while the others
being exothermic (CCT, CCD, CCA), seems to explain the robustness of
supersaturated solutions of calcium citrates. The dissolution enthalpy
covering a range of more than 60 kJ-mol~! along the series (—)CCA <
CCD < CCT < CCH(+) is perfectly compensated by a decreasing negative
entropy of dissolution along the same series CCA < CCD < CCT < CCH
with an isoequilibrium temperature of 49 °C, in effect leaving the sol-
ubility comparable around physiological temperature for both endo-
thermic and exothermic dissolution processes.

5. Conclusion

The hydrate of calcium citrate with the highest enthalpy of dehy-
dration has the most negative enthalpy of dissolution and the most
significant hysteresis for dehydration-hydration cycles as measured by
DVS. Both solid anhydrous and solid dihydrate calcium citrate in equi-
librium with a saturated aqueous solution at 25 °C convert in a few days
to a saturated solution of the tetrahydrate without further conversion to
the more stable and less soluble hexahydrate. The metastability of the
tetrahydrate at physiological temperature, and neutral to alkaline con-
ditions, in effect increasing solubility as a consequence of Ostwalds stage
law, seems to increase bioaccessibility of calcium from calcium citrate in
intestines. In contrast, moderate acidification and readjustment of pH
induce conversion to the stable hexahydrate pointing towards a role of
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the CaHCitr complex in this transformation under gastric conditions.
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