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a b s t r a c t

Calcium (Ca) dynamics between casein micelles (CM) and serum phase (SP) in pasteurised skim milk
were characterised by temperature dependence (4e35 �C) of Ca partition between phases and rate of
formation of ionic calcium (Ca2þ) in SP. Increase in Ca2þ during storage was characterised by two kinetic
models: (1) 4e20 �C, with two parallel first order reactions, a fast dominating for first 3 h and a slower
between 3 and 8 h, negative energies of activation (�22 kJ mol�1 and �48 kJ mol�1, respectively)
explained by endothermic binding of Ca2þ to CM for the slow reaction and by endothermic Ca2þ binding
to ligands in SP; (2) 4e35 �C, decrease in rate of Ca2þ formation with increasing temperature assigned to
reversible endothermic association of serum Ca2þ to phosphate and b-casein. b-Casein release from CM
decreased like Ca2þ, suggesting interaction between b-casein and Ca2þ during transfer from CM to SP.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Calcium (Ca) is an essential mineral constituent of milk and
fulfils vital roles regarding human health, such as skeleton growth,
regulation and maintenance of physiological functions like muscle
contraction and blood clotting (Sun et al., 2022). Besides the un-
disputed nutritional value, Ca influences the technological prop-
erties of milk, contributing to texture, taste, stability and final yield
of many dairy products (Thybo, Lillevang, Skibsted, & Ahrn�e, 2020;
Tsioulpas, Lewis, & Grandison, 2007). Addition of Ca salts to milk
has also been found to increase curd firmness during the cheese
making process (Salaün, Mietton, & Gaucheron, 2005). Similarly, it
has been reported that rheological and functional properties of
cheese throughout ripening can be traced back to the behaviour of
Ca in the cheese matrix (Cooke & McSweeney, 2017). In this sense,
knowledge of Ca speciation during processing is crucial for cheese
manufacturers throughout the world especially in countries where
significant amount of milk is used for cheese production (Franzoi,
Niero, Penasa, Cassandro, & De Marchi, 2018).

Ca is partitioned between two phases in milk, the colloidal and
the serum phases. In bovine milk about 69% (~800mg kg�1; 20 mM)
r Ltd. This is an open access articl
of the total Ca is present in a colloidal phase, largely associated with
CM known as colloidal Ca phosphate (CCP). The residual 31%
(~400 mg kg�1; 9.4 mM) of Ca is either dissolved as Ca2þ or as Ca
complexes with citrate, phosphate, serum casein monomers and
other ligands in the milk SP (Canabady-Rochelle et al., 2007). It is
generally accepted that during milk processing many reactions are
not in equilibrium but in a metastable state (Barone, Yazdi,
Lillevang, & Ahrn�e, 2021). Milk consists of a two-phase system
with casein colloidal Ca phosphate in quasi-equilibrium with the
aqueous SP with various salts and proteins (Fox, Uniacke-Lowe,
McSweeney, & O'Mahony, 2015). Consequently, Ca partition in
milk is highly dynamic and varies with physicochemical treatment,
for example, during heating/cooling, acidification and salt addition,
since the ion equilibria and partition of salts can be altered between
CM and the serum (Bijl, Van Valenberg, Huppertz,& VanHooijdonk,
2013).

Temperature is an important parameter affecting Ca partition
and speciation and is controlled for various ranges during pro-
cessing of milk. For example, thermal treatment is applied prior to
cold-temperature storage for controlling microbial growth (Liu,
Weeks, Dunstan, & Martin, 2013). In general, increasing tempera-
ture decreases solubility of the Ca phosphates, thereby inducing a
decrease of the total Ca content of the SP along with a decrease in
milk pH (Hilgeman & Jenness, 1951). However, detailed studies of
the dynamics of the Ca partitioning in milk phases in response to
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:lilia@food.ku.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.idairyj.2022.105518&domain=pdf
www.sciencedirect.com/science/journal/09586946
http://www.elsevier.com/locate/idairyj
https://doi.org/10.1016/j.idairyj.2022.105518
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.idairyj.2022.105518


Y. Jiang, G. Barone, V. Rauh et al. International Dairy Journal 137 (2023) 105518
temperature changes are still lacking since Ca distribution is com-
plex due to several reactions co-occurring simultaneously with CM
involvement (Barone et al., 2021). It is well known that some ca-
seins dissociate from micelles at low temperature, with b-casein
being the dominant protein released for bovine milk (Raynal &
Remeuf, 2000). b-Casein has been reported to account for about
~83% of the serum casein released when skim milk is cooled to 5 �C
for 20 h (Aoki, Yamada, & Kako, 1990; Crowley, Kelly, O'Mahony, &
Lucey, 2019). However, temperature influence on the casein parti-
tion between micellar and SP of milk does not correspond to a
simple equilibrium dependent only on the solubility of the caseins
or Ca caseinates (Holt & Carver, 2022). Caseins distribution be-
tween the phases under various temperature conditions, which is
important for the Ca balance in milk as well as the structure and
stability of CM, is only partly understood, especially for b-casein.

The objective of this work is to provide a better understanding of
Ca and b-casein partitioning between the serum and the colloidal
phase during storage of pasteurised milk. Such partition is strongly
associated with Ca and binding of Ca to proteins and salt anions
during cheesemanufacturing and thus affect the yield, textures and
functionalities of various cheese such as mozzarella, yellow cheeses
and mould cheeses (Guinee, Feeney, Auty, & Fox, 2002). To achieve
this objective, a comprehensive kinetic and thermodynamic study
of calcium partition in response to storage temperature (4e35 �C)
up to 72 h after pasteurisation was performed for Ca and b-casein.
Two kinetic models (kinetic Models 1 and 2) were established and
investigated. In Model 1, the kinetics of Ca release as Ca2þ into the
SP are modelled with two parallel first order reactions, a fast
dominating the initial storage times followed by a slower reaction.
In Model 2, one reversible reaction is used to describe changes of
Ca2þ in the SP during storage at various temperatures. In addition,
the temperature dependent change in speciation of Ca in the SPwas
quantified to be accounted for in a dynamic model combining
thermodynamic of Ca complex formation and kinetics of transfer of
Ca and b-casein between the serum and the colloidal phase.

2. Materials and methods

2.1. Materials

Fresh raw bovine milk from Red Danish breed was obtained
from a middle size local organic farm (Mannerup Møllegård, Osted,
Denmark). To perform the experiments, it was necessary to get the
fresh raw bovinemilk every day. The fresh raw bovinemilk samples
were collected in the early morning from the farm during the
season February to March. The transport timewas less than 1 h and
the milk was not treated before the pasteurisation. The composi-
tion of the pasteurised skimmed milk was determined by a Mil-
koScan FT2 (Foss, Hillerød, Denmark). The composition of skimmed
milk was analysed to be sure that the composition was with the
expected range of protein, fat, lactose and citrate content. The
average composition of the milk used in all the batches was protein
(3.68 ± 0.01%), fat (0.08 ± 0.01%), lactose (4.88 ± 0.01%) and citrate
(0.18 ± 0.01%). All water used was purified using a Milli-Q Plus
system fromMillipore Corp (Bedford, MA, USA). All chemicals used
were of analytical grade purchased from Merck (Darmstadt, Ger-
many) or Sigma-Aldrich (Steinheim, Germany), unless otherwise
stated.

2.2. Treatment of milk

The raw bovine milk was skimmed at 50 �C using a Milky FJ 130
ERR separator containing 21 discs (Janschitz GmbH, Althofen,
Austria). Pasteurisation was performed at 72 �C for 15 s using a
MicroThermics unit (MicroThermics Inc., North Carolina, USA) with
2

the outlet temperature being in line for the respective tempera-
tures used for the study. The temperatures used in this study were
4.0, 7.0, 10.0, 20.0 and 35.0 �C. Aliquots of milk (16 mL) were kept at
constant temperature as specified using a circulating waterbath
equipped with a cooling unit (Grant, Cambridgeshire, UK). Milk
supernatants were produced by using an ultracentrifuge (Optima
XE ultracentrifuge, Beckman Coulter Inc., Brea, CA, USA) at
100,000 � g for 1 h at constant temperature (i.e., 4.0, 7.0, 10.0, 20.0
or 35.0 �C) (De La Fuente, Fontecha, & Ju�arez, 1996).

2.3. Ionic calcium and pH

The concentration of ionic calcium [Ca2þ] (mM) of samples was
measured using a Ca ion-selective glass-polymer electrode (Met-
rohm, Herisau, Switzerland) with minor modification (Barone,
Moloney, O'Regan, Kelly, & O'Mahony, 2020). The Ca electrode
was connected with a thermostatically controlled water bath
(Grant Optima TC120). Calibration of the ion-selective Ca probewas
performed using standard Ca solutions of 0.50, 1.0, 3.0, 5.0 and
10.0 mM at the specific temperatures used in this study, i.e., 4.0, 7.0,
10.0, 20.0, or 35.0 �C. Calibration solutions were prepared using
ultra-pure water, CaCl2, KCl and imidazole. The pH of sample was
measured using a HQ411 pH meter (Hach company, CO, USA) cali-
brated using standard pH solution of 4.00, 7.00 and 9.00 at the
relevant temperature.

2.4. Mineral profile

The mineral profile of milk and respective supernatant was
determined by inductively coupled plasma optical emission spec-
trometry (ICP-OES) using an Agilent 5100 ICP-OES (Agilent tech-
nologies, CA, USA) according a published method (Rasmussen,
Suwal, Van Den Berg, Yazdi, & Ahrn�e, 2020). The minerals ana-
lysed were calcium (Ca), phosphorus (P), magnesium (Mg) and
sodium (Na). Samples were treated before injection by acid diges-
tion using nitric and hydrochloric acid in a Multiwave GO micro-
wave system (Anton Paar, Graz, Austria). Standard curves were
prepared at the specific wavelengths for each of the three minerals
(P 213.618 nm, Ca 422.673 nm and Mg 285.213 nm) from a multi-
element standard solution for ICP.

2.5. Reversed-phase high-performance liquid chromatography

Reversed-phase high-performance liquid chromatography (RP-
HPLC) was used to quantify b-casein in milk and respective su-
pernatant for each of the temperatures and time frames studied.
Analysis was performed on an Agilent series 1200 system (Agilent
Technologies, CA, USA) using the method described by Hinz,
Huppertz, and Kelly (2012) and using a Zorbax C18 4.6 � 250 mm
5 mm reversed phase column (Agilent technologies, CA, USA). The
solvents used were eluent A (10.0% HPLC-grade acetonitrile, 89.9%
ultrapure water and 0.10% trifluoroacetic acid) and B (89.9% HPLC-
grade acetonitrile, 10.0% ultrapure water and 0.10% trifluoroacetic
acid). The injected volume was 40 mL and detection was carried out
at 214 nm. A calibration curve for b-casein was established using 7
points ranging from 0.070 to 1.5 mg mL�1. The b-casein used for
HPLC standards was of purity �95%. Samples were prepared in
ultrapure water and diluted with buffer A.

2.6. Statistical analysis

All samples were prepared two times independently for each
temperature used, i.e., 4.0, 7.0, 10.0, 20.0, 35.0 �C, and all analyses
were performed in triplicate for each independent experiment. The
data generated was subjected to one-way analysis of variance



Table 1
Effect of temperature and storage time on the concentration of pH in serum phase of
skim milk pasteurised at 72 �C.

Time (h) pH

4 �C 7 �C 10 �C 20 �C 35 �C

1 6.81 ± 0.01 6.66 ± 0.01 6.69 ± 0.02 6.70 ± 0.01 6.59 ± 0.01
2 6.80 ± 0.01 6.71 ± 0.01 6.67 ± 0.01 6.73 ± 0.01 6.66 ± 0.01
3 6.81 ± 0.01 6.70 ± 0.00 6.74 ± 0.01 6.72 ± 0.01 6.60 ± 0.00
4 6.87 ± 0.02 6.74 ± 0.01 6.68 ± 0.01 6.70 ± 0.01 6.60 ± 0.00
5 6.86 ± 0.01 6.76 ± 0.01 6.70 ± 0.01 6.70 ± 0.01 6.66 ± 0.01
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(ANOVA) using R i386 version 3.3.1 (R foundation for statistical
computing, Vienna, Austria). A Tukey's paired-comparison post-hoc
test was used to determine statistically significant differences be-
tween mean values for different samples at 95% confidence level.
Kinetics parameters such as order of reaction, rate constants and
activation energy for minerals and protein partitioning were
calculated using Origin 2020 software (OriginLab Corporation, MA,
USA). Results are expressed as mean value ± standard deviation,
and statistically significant differences are identified in tables using
superscript letters, unless otherwise stated.
6 6.85 ± 0.01 6.76 ± 0.01 6.77 ± 0.01 6.71 ± 0.01 6.61 ± 0.01
7 6.86 ± 0.01 6.73 ± 0.01 6.72 ± 0.01 6.71 ± 0.00 6.62 ± 0.01
8 6.86 ± 0.01 6.73 ± 0.00 6.70 ± 0.01 6.71 ± 0.01 6.65 ± 0.01
24 6.78 ± 0.01 6.77 ± 0.01 6.70 ± 0.01 6.73 ± 0.01
48 6.71 ± 0.01 6.74 ± 0.00 6.70 ± 0.01
72 6.75 ± 0.02 6.72 ± 0.00 6.69 ± 0.01
3. Results and discussion

3.1. Effect of storage temperature and time on the total calcium
concentration in serum phase and colloidal phase of pasteurised
skim milk

The change in partitioning of total Ca between the serum and
the colloidal phase of pasteurised skim milk (72 �C) during storage
for up to 72 h at the temperatures of 4.0, 7, 10, 20 and 35 �C studied,
is seen in Fig. 1 where the concentration of total Ca in the serum
phase is shown.

The analytical results obtained shown in Fig. 1 demonstrate the
dynamic nature of the Ca equilibrium in skim milk during cooling
and storage at different temperatures. More specifically, an increase
in the Ca level in the milk serum was detected during storage at
lower temperatures (4, 7 and 10 �C) as shown in Fig. 1, while at
temperatures of 20 and 35 �C, an increase of the total serum Ca level
was not observed. After approximately 8 h storage, the concen-
tration of total serum Ca at lower storage temperatures was
consistently higher than at higher temperatures. The temperature
effects observed in Ca participation between the colloidal and SP
are mainly due to the release of CCP from the CM since Ca phos-
phate has reverse solubility and is known to be more soluble at
lower temperatures. This observation is in agreement with the well
documented effect of low temperature on serum Ca levels as has
recently been reviewed (Barone et al., 2021).

Some authors have reported that the temperature effects on Ca
partition in milk are associate to pH changes leading to competing
effects (Lucey & Horne, 2009). The milk pH decreased as storage
temperature increased and the decreasing pH increased Ca phos-
phate solubility, consequently increasing the Ca content in the SP.
On the other hand, Ca phosphate is less soluble at higher temper-
ature, resulting in a lower content of Ca in the SP (Lewis, 2011). In
this study, concentration of total serum Cawas always higher at low
temperature compared to higher temperatures, because the
Fig. 1. Effect of storage temperature ( , 4 �C; , 7 �C; , 10 �C; , 20 �C; , 35 �C) and
storage time on the concentration of total calcium in serum phase of skim milk. The
total serum calcium was obtained from ICP. The total calcium in skim milk at 4, 7, 10,
20, 35 �C are 36.05 ± 1.14, 34.32 ± 0.88, 35.15 ± 0.93, 34.81 ± 0.95 and 35.45 ± 0.88 mM,
respectively.
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temperature applied was only moderately high, and therefore only
small pH effects were observed for increasing temperature
(Table 1).
3.2. Effect of storage temperature and time on ionic calcium
concentration in serum phase of milk

Concentrations of ionic calcium (Ca2þ) in milk serum, express-
ing the Ca not bounded to milk components, at different storage
temperatures and times are shown in Fig. 2. Ca2þ concentration
significantly changed as function of storage time especially up to
8 h of storage at all temperature studied. The Ca2þ levels increased
for up to 8 h of storage at temperature of 4 �C (2.35 ± 0.01 to
2.78 ± 0.02 mM), 7 �C (2.34 ± 0.01 to 2.65 ± 0.02 mM), 10 �C
(2.13 ± 0.01 to 2.43 ± 0.03 mM) while only a slight increase was
observed at 20 �C (2.29 ± 0.01 to 2.35 ± 0.02 mM). A fast decrease in
Ca2þwas observed (2.04 ± 0.03 to 1.75 ± 0.01mM) at 35 �C. After 8 h
of storage, the Ca2þ concentration was noticed only to have minor
fluctuations for samples stored at 4, 7,10, and 20 �C, but as observed
previously for total serum Ca significant differences in Ca2þ were
observed between the storage temperatures tested. The low tem-
perature stored milk had more Ca2þ in the SP confirming previous
findings (Li & Corredig, 2014), while the lowest value is observed at
35 �C. It is important to note that the milk used in this study un-
derwent thermal pasteurisation before storage at lower tempera-
ture, which caused a decreased in the concentration of Ca2þ (On-
Nom, Grandison, & Lewis, 2010). The changes in Ca2þ observed
are therefore a re-equilibration of Ca at storage (lower) tempera-
ture after having been pasteurised at 72 �C. For the lower storage
temperatures, Ca is liberated from binding to milk compounds,
while at 35 �C, Ca binding is promoted. At 20 �C, hardly any changes
Fig. 2. Effect of temperature ( , 4 �C; , 7 �C; , 10 �C; , 20 �C; , 35 �C) and storage
time on the concentration of ionic calcium [Ca2þ] in serum phase of skim milk
pasteurized at 72 �C. The concentration of ionic calcium was determined by a calcium
selective electrode at the individual storage temperature.



Table 2
Thermodynamic parameters of association of calcium from serum to colloidal
phase.a

Temperature (�C) K0 (mol L�1) SD K00 (mol L�1) SD

4 0.133 0.017 0.76191 0.009
7 0.138 0.036 0.76491 0.019
10 0.253 0.009 0.82608 0.005
20 0.441 0.010 0.93808 0.006
35 0.544 0.017 1.00279 0.011

DH 0
1 (kJ mol�1) SD DH 0

2 (kJ mol�1) SD
10.1 1.5 5.9 0.8

a Assuming that serum phase casein is constant, K0 , or assuming that both serum
phase casein and colloidal phase casein are constant, K00 .
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in Ca2þ were seen. Clearly, this indicates that Ca binding is a
reversible endothermic process as will be discussed below.
3.3. Equilibrium between total serum calcium and colloidal calcium
after 24 h

Ca is seen from the analytical data shown in Table 2 to be in
dynamic equilibrium between the SP as soluble Ca and the colloidal
state with Ca associated with some of caseinates and inorganic
phosphate as a mixture of Ca caseinate complexes and the Ca
hydrogen phosphate complex. The dynamic nature of binding of
calcium is evident from the increasing value of the equilibrium
constant for partition with temperature in agreement with a pos-

itive DH0 for binding of calcium to H2PO
�
4 , HPO2�

4 and PO3�
4

(Chughtai, Marshall, & Nancollas, 1968). Calcium binding to caseins
also is characterised by positive DH0 (Liu, Jiang, Ahrn�e, & Skibsted,
2022). Temperature effect on the equilibrium between total serum
Ca and colloidal Ca is shown in Fig. 3 as the equilibrium constants
established for the equilibrium of Eq. (1) under different assump-
tions. For the reaction:

Serum Caþ Casein#Colloidal Ca (1)

the equilibrium constant K for Ca partition between serum and
colloidal phase is,

K ¼ ½Colloidal Ca�
½Serum Ca�½Casein� L mol�1 (2)

where [Colloidal Ca] is the total Ca concentration in colloidal phase
and [Serum Ca] is the total Ca concentration in the SP. [Casein] is the
concentration of Ca binding species in the SP resulting in the
transfer of Ca to the colloidal phase and involving o-phosphoserine
and caseins. The concentration of [Casein] is not known but taken
as a constant at each temperature, an apparent dimensionless
partition constant may be defined as:
Fig. 3. Equilibrium between total serum calcium and colloidal calcium in pasteurized
skim milk. van't Hoff plot for calcium at 24 h of equilibration between serum and
colloidal phase. (A) K0 and (B) K00 are partitioning constants for calcium between serum
and colloidal phase as defined in equations (3) and (4), respectively.
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K 0 ¼K½Casein� ¼ ½Colloidal Ca�
½Serum Ca� (3)

and calculated, as seen in Table 2.
If we further assume that [Colloidal Ca] is an unknown constant,

K
00 ¼ 1

½Serum Ca� L mol�1 (4)

another apparent partition constant K00 is obtained for each tem-
perature as seen in Table 2.

van't Hoff equation was used to calculate the temperature effect
on the Ca equilibrium between the serum and colloidal phase. The
thermodynamic of partition of Ca between serum and colloidal
phase was characterised according to:

ln K ¼ � DH0

RT
þ DS0

R
(5)

In this equation, K is an equilibrium constant, T is the absolute
temperature, and R is the gas constant. All determined values for K0

and K00 and corresponding DH0
1 and DH0

2 are listed in Table 2.
The result shows that partitioning of Ca from serum to the

colloidal phase has DH0 > 0 under both assumptions, which is in
agreement with recent experimental findings from a kinetic study
(Liu et al., 2022). In this study, Ca binding to aS-casein was found to
have DH0 ¼ 15.8 kJ mol�1. The result obtained in the present study
is also in line with the findings for Ca association to simple phos-
phates with DH0 ¼ þ14 kJ mol�1, almost independent of the degree
of phosphate protonation (Chughtai et al., 1968). Accordingly,
dissociation of Ca from the micelles to SP will have a negative DH0,
and dissociation decreases with increasing temperature. While the
values for K0 and K00 both are apparent and not absolute values

which depend on the assumptions described, DH0
1 and DH0

2 as their
first derivatives with respect to temperature both seems to be
correct values for Ca binding but under different assumptions.

DH0
1 ¼ 10 ± 2 kJ mol�1 will be used in the further discussion, as DH0

1
match the values recently obtained by more direct method better
(Liu et al., 2022).
3.4. Model 1 e Modelling of kinetics of ionic calcium in serum
phase by two parallel reactions

The process of Ca equilibration between the two phases is not
instantaneous for temperatures <20 �C as seen from Fig. 2 and
different at temperatures >20 �C. This model focused on under-
standing the changes in Ca2þ at temperatures <20 �C. In the initial
8 h, a fast increase up to 3 h is followed by slow increase up to 8 h
before and equilibrium is achieved (Fig. 4). The Ca2þ concentration
in SP of milk after pasteurisation seems to consist of a faster reac-
tion during which Ca2þ becomes bound to phosphate or citrate in
the SP, followed by a slower reaction during which Ca2þ binds to
CM.

A two parallel first-order reaction kinetic model is accordingly
proposed for Ca2þ release during the storage time for up to 8 h.
Thus, it will be assumed that Ca2þ is released from two parallel
first-order reactions according to:

Reaction1ðk1;fast;0to3hÞ : Salts ðCa�1Þ/ SaltsanionþCa2þ

(6)



Fig. 4. Kinetics for calcium release as ionic calcium in the serum phase according to Model 1. (A) Kinetic curves of ln [Ca2þ] as a function of storage time for up to 8 h at different
temperatures: , 4 �C; , 7 �C; , 10 �C; , 20 �C; , 35 �C. (B) Arrhenius plot of ln k against T�1 including the temperatures 4, 7, 10 and 20 �C for the slow reaction ( , k2) and
including the temperatures 4, 7 and 10 �C for the fast reaction ( , k1). The reaction at 35 �C was not included in this analysis for any of the two reactions. Lines are the linear fit
calculated by Eq. (8) and parameters are listed in Table 3 of the first order rate constant determined as the slope.

Table 3
Kinetic parameters of Model 1 for the two parallel first-order reactions at different
temperatures.a

Temperature (�C) Fast (0 to 3 h) Slow (3 to 8 h)

k1 (h�1) SD k2 (h�1) SD

4 0.0478 0.0130 0.0122 0.0027
7 0.0418 0.0040 0.0088 9.8E-04
10 0.0404 0.0037 0.0093 0.0015
20 0.0039 8.1E-04

Ea (kJ mol�1) SD Ea (kJ mol�1) SD
�22 �5 �48 �6

a Observed first-order rate constants (k1 and k2, in h�1) are for the reaction ac-
cording to Eqs. (6) and (7) respectively. The energies of activation (Ea) are calculated
based on the Arrhenius equation (Eq. (8)).
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Reaction2ðk2;slow;3to8hÞ : MicellesðCa�2Þ/MicellesþCa2þ

(7)

where Ca-1 is assumed to be a Ca species with weak binding of Ca
in SP and dominating the Ca release from 0 to 3 h, while Ca-2 is a Ca
species with strong Ca binding in the casein phase and dominating
the slow reaction from 3 to 8 h. The model does not account for the
reverse reaction decreasing concentration of Ca2þ at intermediate
temperature in dairy processing like 35 �C, but provide a useful
description of the Ca2þ kinetics at lower storage temperatures.

Both k1 for the fast and k2 for the slow reaction were expressed
as the slope of linear regression from plot of ln[Ca2þ] versus time as
seen in Fig. 4A. Activation energy was calculated by the Arrhenius
equation,

lnk¼ � Ea=R$1=Tþ constant (8)

where Ea and R are the energy of activation and gas constant,
respectively, and T is the temperature in K, and k is one of the two
rate constants, see Fig. 4B.

The energy of activation for the fast reaction dominating in the
time period 0e3 h and the slow reaction dominating in the time
period in 3e8 h was found to be Ea ¼ �22 ± 5 kJ mol�1 and
Ea ¼ �48 ± 6 kJ mol�1, respectively.

At a first glance, this result is unusual as it would be expected
that the activation energies are positive. However, a negative acti-
vation energy is in agreement with a higher rate of reaction at
lower temperatures and lower rate at higher temperatures
(Muench, Kruuv, & Lepock, 1996). To provide a reasonable hy-
pothesis for the Ca equilibration, a combination of kinetics with
thermodynamics is needed. The observed kinetics seem to indicate
involvement of endothermic binding of reactants for the reaction,
thus decreasing concentration of active reactants at higher tem-
peratures, in effect slowing down the reaction rate.

The strong binding of Ca to the micelles was found to be

endothermic with DH0
1 ¼ 10 ± 2 kJ mol�1 under the assumption

that the casein concentration in the micelles is constant. This
binding corresponds to the slow reaction of Eq. (7) and a strong
binding according to

K0 ¼ kbinding
.
kdissociation or kdissociation ¼ kbinding

.
K0 (9)

K0 increases with temperature as seen in Table 2, and under the
assumption that the diffusion-controlled binding of Ca to the
5

micelles corresponding to kbinding is almost temperature indepen-
dent, kdissociation will be smaller with increasing temperature
resulting in a negative apparent energy of activation Ea < 0 as found
in the present study with Ea¼�48 kJ mol�1, see Fig. 4B and Table 3.

Increasing temperature has less effect on the dissociation rate
for the weak binding of the Ca to the SP ligands like citrate and
phosphate corresponding to Eq. (6). However, binding of Ca to these
ligands is also endothermic with DH0 ¼ 14 kJ mol�1 for phosphate
or athermal as for citrate (Liu, Kirkensgaard,& Skibsted, 2021). Also,
for the fast reaction of Eq. (6), kdissociation will be smaller with
increasing temperature resulting in a negative apparent energy of
activation. The effect will be smaller than for the slow reaction
according to Eq. (9) in agreement with the less negative apparent
energy of activation Ea ¼ �22 kJ mol�1 found, see Table 3.

For both of the parallel reactions increasing the concentration of
Ca2þ, the endothermic binding of Ca to the ligands of the SP
changes the equilibrium concentrations of the reactants resulting
in the negative apparent energies of activation as seen in Fig. 4B.
3.5. Model 2 e Modelling of kinetics of ionic calcium in serum
phase by one reversible reaction

The decreasing Ca2þ concentration during equilibration at 35 �C
may indicate reversibility of the temperature dependent binding of
Ca when compared to the increasing Ca2þ concentrations at lower
temperatures, see Fig. 2.

For the Ca release as Ca2þ a model with reversible Ca binding
and release was considered using Eq. (10) at different constant
temperatures considering the process adjusting to equilibrium af-
ter 24 h,
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where [Ca2þ] is the Ca2þ concentration at each studied storage
time, [Ca2þ]0 and [Ca2þ]∞ are the values taken for 1 h and 24 h,
respectively. The apparent rate constants for Ca2þ released at
different temperature were obtained by exponential fitting as
shown in Fig. 5 and found to be independent of temperature.

Citrate is found to be the dominant ligand of themilk used in the
present investigation, see section 3.6. Equilibration of Ca citrate
complexes with free citrate and free Ca is accordingly expected to
be the dominating process controlling the change in the concen-
tration of Ca2þ during storage of the pasteurised skim milk.

The rate constants for citrate complex formation may be
introduced:

CaCitr� %
Kdissociation

Kassociation

Ca2þ þ Citr3� (11)

where the forward rate constant is referred to as kdissociation, and the
reverse rate constant for the back conversion is referred to as
kassociation.

The overall equilibrium constant (Keq) is the ratio between the
reverse and forward rate constants (Prankerd, Walters, & Parnes,
1992):

Keq¼ kassociation
kdissociation

L mol�1 (12)

The values for kdissociation and kassociation may be calculated by
combining Eq. (12) with the following expression,

kobs ¼ k0association þ kdissociation ¼ kass ½citrate� þ kdissociation
(13)

The rate constant for the association reaction is a pseudo first
rate order constant and includes the concentration of citrate and
the second order rate constant for citrate binding. However, the
observed rate constant, kobs, was found to be independent of
temperature. The decreasing formation of Ca2þ with increasing
temperatures is the result of a positive value for Ca binding as seen
for DH0 in Table 2 in agreement with results recently reported (Liu
et al., 2021).

DH0 ¼ Ea ðassociationÞ � Ea ðdissociationÞ (14)

The energy of activation for Ca association to casein is larger
Fig. 5. Kinetics of calcium release as ionic calcium according to Model 2, one reversible
reaction for release of calcium from micelles. (A) The ratio of ionic relative to total
calcium versus storage time up to 8 h at the different temperatures: , 4 �C; , 7 �C; ,
10 �C. (B) The ratio of ionic relative to total calcium versus storage time up to 8 h for a
wider temperature range including temperatures: , 4 �C; 7 �C; , 10 �C; , 20 �C.
Calculations for each separate temperatures gave similar rate constants and the re-
action rate was concluded to be temperature independent.
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than the energy activation for dissociation of Ca from the casein,
since DH0 > 0.

Ca binding to caseins was recently found to occur as a stepwise
reaction with a fast initial second-order reaction followed by a
slower first-order reaction (Liu et al., 2022). The binding of Ca was
also found to be endothermic, and for the second and slower re-
action, a very small value for the activation energy for the Ca
dissociation of Ea ¼ 4.9 kJ mol�1 was found. The results from the
kinetic study of Ca binding to CM accordingly supports the present
finding. Rate of Ca association and rate of Ca dissociation from ca-
seins show only small temperature effects. The decreasing rate for
increasing temperature is rather a thermodynamic effect related to
the binding of Ca to citrate, phosphate and the accessible o-phos-
phoserine of the CM. At lower temperature, more Ca is bound and
accordingly less is available for reaction resulting in an apparent
lower rate.
3.6. Thermodynamic of Ca binding to potential ligands in serum
phase after 24 h

Thermodynamic of Ca binding to potential ligands for the Ca
equilibration in the SP was studied to provide more detailed in-
formation to understand the two kinetic models investigated. Ca
speciation in the SP during the equilibration processes after 24 h
was thus calculated. The iterative procedure previously developed
considering all chemical equilibria together with mass balance
equations was used for each of the 4 temperatures studied. In the
present study, the software Matlab ® R2019a (The MathWorks, Inc)
by implementing iterations was used according to the method
previously described with minor modifications (De Zawadzki,
Paganelli, Garcia, & Skibsted, 2020). The detailed ion speciation in
the equilibrium SP of milk at different temperatures: 4, 7, 10 and
20 �C after 24 h of equilibration are presented in Table 4. The iter-
ation procedure was based on equilibrium constants for all chem-
ical equilibria of the SP and all total concentration of Ca, b-casein
and phosphate and DH0 for complex formation for each ligand. The
total citrate concentration of the SP was not known and was
accordingly considered as an unknown parameter. As may be seen
from Table 4, the iterative calculations of Ca speciation provided
total citrate concentrations in agreement with the values deter-
mined analytically for milk. For example, the total citrate concen-
tration is 11.3 mM at 20 �C, which is comparable to the citrate
concentration of 10 mM measured in the skim milk used. Since it is
known that citrate concentrations in the micelles are low, this
result validates our method of calculation (Wang & Ma, 2020).
Analysis of the result shows that about 70e80% of Ca associates
with citrate forming CaCitr�, 6e8% of Ca is complexed as CaHPO4,
and the remained Ca mainly 1% binds to b-casein in the SP.

Thermodynamic of Ca binding to citrate, phosphate and b-
casein in SP after 24 h was thus studied and Ca binding to each
ligand may be considered separately. However, citrate is for the
milk used in the present study the dominating ligand for the Ca
binding.

Ca binding to ligands in the SP is characterised by:

Ca2þ þ L�#CaLþ (15)

assuming 1:1 complex formation with the association constant
based on concentration:

Kcomplex ¼
½Serum Ca� �

h
Ca2þ

i
h
Ca2þ

i
½L��

(16)
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where [Serum Ca] is the total Ca in SP, [Ca2þ] is the Ca2þ concen-
tration in the SP as obtained from Ca electrode measurements and

[L�] is either the concentration of Citr3�, HPO2�
4 or b-casein. The

concentration of Citr3� used was from measurement of the total
concentration of citrate in milk composition, while the concentra-

tion of HPO2�
4 used was the total phosphate in SP as determined by

ICP, and the b-casein concentration was from HPLC analysis of the
SP. The results indicate that the binding of Ca to citrate was found to
decrease slightly with temperature as DH0 ¼ �2.7 kJ mol�1, which
was expected since binding of Ca to citrate shows little temperature

dependence (Vavrusova& Skibsted, 2016). Ca binding to HPO2�
4 has

a positive DH0 indicating that the binding was endothermic and
accordingly increase with temperature. Ca binding to b-casein was
found endothermic with DH0 ¼ 4.3 kJ mol�1.

3.7. b-Casein migration between colloidal and serum phase

It has been reported that b-casein dissociates from micelles
during cooling of milk (Duerasch, Herrmann, Hogh,& Henle, 2020).
Investigating the b-casein migration between colloidal and SP
during storage at different temperatures could accordingly be
useful for the understanding of Ca partition, since b-casein also
binds Ca (Mekmene & Gaucheron, 2011).

The results for effect of temperature and storage time on the
total serum b-casein concentration are shown in Fig. 6A. It may be
seen that temperature has a marked effect on the b-casein migra-
tion between colloidal and SP, and that the total serum b-casein
concentration decreases with increasing temperature for all tem-
peratures studied (4, 7, 10 and 20 �C). As an example, the b-casein
level in the SP increased from 0.78mM to 1.05mM from storage time
of 1 he24 h at 4 �C. After storage at 35 �C no b-casein was found in
the SP, since b-casein moves back to the colloidal phase (Post,
Arnold, Weiss, & Hinrichs, 2012). Equilibrium is accordingly
established between association and dissociation of b-caseinwithin
the initial 24 h. No further significant liberation of micellar b-casein
was observed after 24 h at any of the temperatures investigated.

Regarding the established equilibrium, association constants
Kass for b-casein migration from serum to colloidal phase were
calculated at different temperatures according to:

Kass ¼ ½b� casein ðcolloidalÞ�
½b� casein ðserumÞ� (17)

where [b-casein (serum)] is the b-casein content in SP of pas-
teurised skim milk after 24 h of storage, while [b-casein (colloidal)]
is the b-casein content in colloidal phase of milk also after 24 h of
storage. If we assume that b-casein content in colloidal phase of
milk samples is constant, then K0

ass can be expressed as:

K 0
ass ¼

1
½b� casein ðserumÞ� L mol�1 (18)

Fig. 6B shows the van't Hoff plot for b-casein concentration in
equilibrium between colloidal and SP. The obtained thermody-
namic parameter DH0 ¼ 50 kJ mol�1 together with values for the
K0
ass at the four temperatures, for which b-casein was detected in

the SP, are listed in Table 5.

3.8. Ionic Ca release from b-casein e unifying Model 1 and Model 2

The fast increase of Ca2þ in the SP at low temperature may be
assigned to dissociation of Ca from phosphate and citrate com-
plexes, while the slow rate component seems related to Ca disso-
ciation of the caseins. The slow component dominates kinetically
for storage longer than 3 h as maybe seen in Fig. 4A. The Ca



Table 5
Association constants K0

ass and DH0 for b-casein migration from serum to colloidal
phase.

Temperature (�C) K0
ass (mol L�1) SD

4 954 32
7 1041 38
10 1336 63
20 2998 315

DH0 (kJ mol�1) SD
50 5

Table 6
Rate constants in h�1 obtained as slope in Fig. 7(A) for slow
dissociation of calcium to the serum phase.

Temperature (�C) kobs (h�1)

4 �C 0.182
7 �C 0.356
10 �C 0.459

Ea (kJ mol�1)
100.9

Fig. 6. b-casein migration between colloidal and serum phase. A, b-casein concentration in the serum phase from HPLC measurement during storage at different temperatures: ,
4 �C; , 7 �C; , 10 �C; , 20 �Cs. B, van't Hoff plot for b-casein equilibrium between colloidal and serum phase at 24 h, where K0

ass is association constant for serum b-casein to the
colloidal phase. The total concentartion of free b-casein in skim milk at 4, 7,10, and 20 �C are 3.328 ± 0.061, 3.249 ± 0.180, 2.606 ± 0.060 and 2.603 ± 0.036 mM, respectively.
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dissociation from the caseins will also be the dominating contri-
bution to the ([Ca2þ] � [Ca2þ]∞/[Ca2þ]0 � [Ca2þ]∞) term of the in-
tegrated rate expression of Eq. (10) for reaction times longer than
3 h expressing the fraction dissociating in a reversible reaction.

The fraction of dissociated Ca from the CM is from Fig. 7 seen to
follow a first-order reaction. The approach unifies the Model 2 with
reversible Ca dissociation and Model 1 with two parallel first order
reaction paths, as the slow component in Fig. 7A is seen to follow
first order kinetics. From Fig. 7B, the energy of activation for the
slow dissociation is calculated to have the value Ea ¼ 100 kJ mol�1

as seen in Table 6. The dissociation reactions of Eqs. (19) and (20)
are accordingly being assigned as the fast and the slow reaction,

CaCitr�#Ca2þ þ Citr3� (19)

CaCasein#Ca2þ þ Casein (20)

The fast dissociation of Ca2þ from CaCitr� had an energy of
activation close to zero, while the slow dissociation of Ca2þ from
Fig. 7. Ionic calcium release from casein-unifying the models. (A): Ratio of calcium
dissociated in the slow process from casein in the serum phase: , 4 �C; , 7 �C; ,
10 �C. Slope for the function of ln ratio versus time at each temperature provides the
first order rate constants used in the Arrhenius plot shown in (B) to the yield the
energy of activation Ea ¼ 100 kJ mol�1.
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CaCasein had a higher energy of activation. Calcium binding to both
phosphates and lactate is endothermic (Chughtai et al., 1968;
Vavrusova & Skibsted, 2014). b-Casein also binds calcium with a
positive DH0 (Mekmene & Gaucheron, 2011). These endothermic
reaction all contribute to the temperature dependence of calcium
distribution between the micelles and the SP, which is known to be
important for cheese yield. Ca and b-casein seem to have similar
temperature effect on their distribution between the micelles and
the SP as was confirmed in the present study. Accordingly, it is
suggested that b-casein is complexing Ca in the SP. b-casein may as
an efficient Ca carrier have a higher energy of activation for Ca
dissociation than a-casein for which a small energy of activation for
Ca dissociation recently was reported (Liu et al., 2022).
4. Conclusion

The calcium partition between casein micelles and serum
phase of pasteurised skim milk during storage depends on an
endothermic association of calcium to the micelles and to
phosphate, and an almost athermal association of calcium to the
citrate in the serum phase. The rate of equilibration of calcium
and b-casein between the micelles decreases with temperature
as a thermodynamic effect rather than as a kinetic effect. Calcium
dissociation from the micelles seems coupled with b-casein
dissociation as both are endothermic processes and since calcium
is known to bind b-casein. The results obtained in this study
provide fundamental and novel insights into the relationship
between dairy calcium equilibria in the colloidal and serum
phase of milk. Such calcium phase dynamics are being important
for many dairy industrial practices such as processing of dairy
ingredients and cheeses. Further studies expanding the kinetics
to more temperatures are highly recommended to identify any
critical conditions for optimising milk processing based on ki-
netic modelling. The kinetics that were observed in the present
study provide only a first approach to a more detailed modelling
involving the different casein forms.
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