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Although milk salts are classified as micronutrients, they strongly affect the behaviour of the proteins and
the physical stability of milk and dairy products. This review focuses on heat-induced changes in milk
salts, with particular emphasis on salt speciation, precipitation and association with proteins. In milk and
other dairy liquids at neutral pH, heating results in precipitation of calcium phosphates. These pre-
cipitates may become stabilised by caseins and casein-derived (SerP-containing) peptides, with limited
observable instability; in the absence of stabilising protein, precipitates can lead to notable instability.
Increasing temperature reduces solubility of calcium phosphate, but, perhaps more importantly, also
accelerates precipitate formation. In milk, heat-induced changes in salts are reversible, but only slowly, if
heat-treatment is of moderate intensity. After treatment at temperatures >90 �C and/or for >20 min
reversal may be incomplete. Heat-induced changes in milk salts are crucial for retaining functionality and
stability during and after heating of milk.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

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

The salts in milk, and changes therein, play an important role
in heat-induced changes in milk and other dairy products, such
as the stability of milk to heat-induced coagulation. For instance,
the influence of the addition of calcium salts and phosphate salts
on the heat stability of milk is widely known; it is of high in-
dustrial relevance, with phosphate salts commonly added as
stabilising salts in the manufacture of sterilised evaporated milk
products (Huppertz, 2016). The salts affect several heat-induced
.com (T. Huppertz).
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changes in milk, including the heat-induced association of de-
natured whey proteins with casein micelles, the heat-induced
dissociation of k-casein from the casein micelles and the heat-
induced changes in the pH of milk and dairy products (Anema,
2021; Huppertz, 2016). These reactions are crucial for the sta-
bility of milk during heat treatment, and also for the stability of
heated milk products during storage; likewise, these heat-
induced changes also strongly affect functional properties of
the heated milk, e.g., acid gelation properties (Anema, 2021).
Other examples of the relevance of temperature-induced
changes in milk salts are their role in fouling of processing
equipment, especially at UHT temperatures (Sadeghinezhad
et al., 2013; Visser & Jeurnink, 1997), and the formation of
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 3
Number of amino acid residues that can carry positive or negative charges present in
different bovine caseins.a

Parameter Lys Arg His Glu Asp SerP

aS1-casein 14 6 5 25 7 8e9
aS2-casein 24 6 3 24 4 10e13
b-casein 11 4 5 19 4 4e5
k-casein 9 5 3 12 4 0e3
b-lactoglobulin 15 3 2 16 10 0
pKa 10.6 12.0 6.4 4.5 4.0 1.5, 6.5

a Data from Huppertz (2013) and Walstra et al. (2005).

Table 4
Regions on caseins with notable net-negative and net-positive charge.a

Casein Negative charge Positive charge

aS1-casein f (30e80)*, f (110e150) f (1e20)
aS2-casein f (1e20)*, f (50e80)* f (160e207)
b-casein f (1e60)*
k-casein f (120e169) f (1e100)

a Regions indicated with * contain a phosphorylation cluster. Data from Huppertz
(2013).

Table 2
Approximate distribution of phosphorus in milk.a

Type of P % of total P in milk

Esterified to casein 22
Esterified in phospholipids 1
Various (sugar) esters in serum 9
Inorganic, in MCP (‘colloidal’) 32
Inorganic, dissolved 36

a Data from Walstra et al. (2005).

Table 1
Concentrations of the major cations and anions milk and the proportion found in
milk serum.a

Ion Concentration
in milk (mmol kg�1)

Fraction present
in milk serum

Na 21 0.95
K 37 0.94
Ca 29 0.32
Mg 5 0.66
Cl 31 1
Inorganic PO4 21 0.53
Citrate 9 0.92

a Data from Walstra, Walstra, Wouters, and Geurts (2005).
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precipitates in filtration permeate (Brul�e, Real del Sol, Fauquant,
& Fiaud, 1978). Mechanistic understanding of these key pro-
cesses requires consideration of the salts in milk, their concen-
trations, their distribution and how this is affected by heat
treatment.

In describing heat-induced changes in milk salts, we specif-
ically use the term salt rather than the term mineral, because
several of the components are not inorganic, and most of the
inorganic components under discussion here do not occur in
mines. We also avoid the word ‘ash’, which is frequently used to
estimate the total salts content of dairy products and ingredients.
Ash content gives relevant information only if batches of product
are compared at the same protein content and composition,
because P from casein SerP-residues and S from Met and Cys
residues are included in the ash, and citrate, which is very relevant
in ion-interactions, incinerates completely. Moreover, part of the
Cl and SO3 may evaporate, depending on the incineration tem-
perature, so the method must be thoroughly standardised. All in
all, measuring ash content is appropriate for monitoring purposes,
but is of little use in research.

This paper reviews the state of the art with respect to the
physical chemistry of the salts-casein system in bovine milk and
changes therein upon heating. The components that we will focus
on are the cations of Ca, Mg, Na K and H, and the anions of
phosphate and citrate. Ions in such a mixture partly associate, and
if activity product exceeds solubility product precipitation can
occur, if given sufficient time. We will not discuss most ions that
are present in concentrations of (much) less than 1 mmol kg�1,
such as Zn, Fe and Cu. Although these ions may strongly affect
properties such as development of oxidative rancidity (Greenbank,
1948; O'Connor & O'Brien, 2006), or heat stability (Philippe, Le
Gra€et, & Gaucheron, 2005), their behaviour mainly depends on
the oxidation state, not on temperature or temperature history.
Moreover, their natural concentration is too low to have any effect
on protein stability and even if added concentrations up to the
recommended allowance in a portion (max. 1 mmol kg�1) the
effects are still small.

Several models are available that quantify ion association and
precipitation. The challenging and for industrial practice most
relevant part of salts in dairy products is their interactions with
the polyelectrolytes in milk, i.e., the proteins; for this, very few
models are available and these are more empirical in nature. This
review starts with the composition and distribution of salts in
milk. Subsequent focus will be on temperature-induced changes in
ultrafiltration permeates (Section 3), in whey (Section 4) and
finally milk (Section 5), whereby the specific contributions of
whey proteins and caseins can be distinguished. Throughout this
review, focus will be on both changes resulting from altered sol-
ubility of salts, as well as the kinetics of these changes, and
highlight that the latter is an important factor which has not
featured strongly previously.

2. Composition and distribution of salts in milk

Average concentrations of the main salts in milk are shown in
Table 1. For this, we use molal concentrations (mol kg�1) because
these can be more easily converted into activities, and because con-
centrations are usually reported in mg kg�1 rather than mg L�1.
Table 1 also shows the distribution of the salts between the milk
serum and casein micelles. Salts in milk occur partly as free or com-
plexed ions in solution, partly as ions associated to polyelectrolytes
(counterions to proteins, peptides and phospholipids), and partly in
undissolved form in the casein micelles; this applies especially to
calcium and phosphate (Holt, 1997; Lucey & Horne, 2009). The non-
dissolved salts are usually called colloidal or micellar salts and often
2

collectively referred to as micellar calcium phosphate (MCP). It is
important to note that counterions is not the same as the so-called
Donnan-ions: upon (extensive) ultrafiltration or dialysis against wa-
ter, proteins retain ions to the extent that net-charge-neutrality at
both sides of the membrane is kept, which typically gives about 3e4
timeshigher concentrations for ‘bound’ ions, orDonnan ions, than for
the counterions (Hiddink, de Boer, & Romijn, 1978). Donnan-ions
explain why it is impossible to remove all salts from a product like
whey protein isolate (WPI) despite very extensive diafiltration. The
distribution of phosphorus is more complex than that of other ele-
ments, becausepart of P is inorganic, andpart is organic andesterified
to casein, carbohydrates, and phospholipids (Table 2). Sulphur inmilk
is largely in proteins as Cys and Met residues, and only about 10% of
total sulphur in milk is the form of inorganic sulphate.

Table 3 gives the average number amino acids that can carry a
positive or negative charge on the caseins and the main whey
protein b-lactoglobulin (b-Lg), as well as their approximate pKa



Fig. 1. Variation in casein ( ) and calcium ( ) content in bulk milk in the Netherlands between March 2017 and February 2019.
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values of the amino acids that can carry a charge. Ion association to
intrinsically disordered proteins, like caseins, at the moderate ionic
strength of milk serum can be treated as the sum of the association
to the individual residues, i.e., mainly the SerP residues and some
pairs of Glu and/or Asp, except for nearest neighbour interactions
(Bijl, Huppertz, van Valenberg, & Holt, 2019). Table 4 shows the
regions on the caseins that carry a strong net-negative or net-
positive charge. In principle, this also allows anions to be coun-
terions at neutral pH, but, if any, these levels are often too low to be
measured accurately, also because the strong binding anions, cit-
rate and phosphate, are mainly present in the MCP (Pyne, 1962).
Given the concentrations of positively charged amino acids in milk
proteins (Tables 3 and 4), the low levels of measured anions acting
as counterions are not expected; perhaps this could be taken as an
indication of part of the positively charged amino acid residues
being involved in intra- or intermolecular protein interactions, i.e.,
charged groups on proteins do not act completely independent. For
native whey proteins, folding strongly affects ion binding; i.e.,
counterions cannot be calculated from individual residues. How-
ever, after heating the structure of whey proteins is (partially)
unfolded and much less organised, which increases association
with cations such as calcium (PhaneXuan et al., 2014).

Several factors influence concentrations of salts and proteins in
milk, one of which is season. Fig. 1 shows variation in calcium and
casein content in pooled milk (one pooled sample prepared from
Table 5
Variation in levels of total, soluble and colloidal calcium, phosphorus and magne-
sium in the milk of 48 Holstein-Friesian cows.a

Component Total Soluble Colloidal

Ca Average 31.4 9.6 22.7
Min 26.1 6.3 18.7
Max 37.3 12.0 29.5

P Average 31.6 14.2 18.5
Min 27.8 11.3 13.5
Max 36.3 18.1 23.3

Mg Average 4.6 3.1 1.7
Min 3.5 2.4 0.5
Max 5.4 4.0 2.8

a Data (in mmol L�1) from Huppertz et al. (2021).

3

bulk milk from several factories in the Netherlands) over a 2-year
time period (data provided by QLIP, Zutphen, The Netherlands).
Casein content varies from 2.6 to 2.9% (w/w) whereas calcium con-
tent varies between 29.0 and 33.5 mmol L�1. Similar variation is
observed, with maxima in winter and minima in summer. Variation
is in line with previous reports from Bijl, van Valenberg, Huppertz,
and van Hooijdonk (2013) and Karlsson, Langton, Innings,
Wikstr€om, and Lundh (2017). This may be related to year-round
calving patterns in these countries. Small variations in total salts,
however, may still be relevant for functional properties of dairy
products, if only because the ion activities are the result of in-
teractions between all ions. Concentrations of ions in milk vary a lot
more between milk from individual cows (Huppertz, Heck, Bijl,
Poulsen, & Larsen, 2021; White & Davies, 1958). While bulking of
milk thus removes compositional variation, it is not knownwhether
bulking also removes variability in functionality. See Table 5 for an
illustration of variation in total and colloidal salts in individual cows.

Principles of the methodology to study the distribution of salts
in milk have not changed much since the pioneering work of Van
Slyke and Bosworth (1915) and that of White and Davies (1958):
equilibrium dialysis or low-pressure ultrafiltration separates the
solution of salts and lactose from proteins, whereas ultracentrifu-
gation separates the casein micelles, including MCP, from peptides
like proteose peptones, the serum proteins, and small protein
complexes, mainly non-micellar caseins; in heated milk this non-
sedimenting phase also contains aggregates of caseins and dena-
tured serum proteins. Small differences between results from
various studies are only to be expected, and not only when
considering the use of different milk sources (Davies & White,
1960). Details in fractionation methods, e.g., molecular weight
cut-off of dialysis or ultrafiltration membranes, as well as condi-
tions of dialysis or ultrafiltration, affects permeation of peptides
and proteins. Also, ultracentrifugation conditions strongly affect
the sedimentation of small protein complexes and aggregates,
which is especially relevant for heated milk that may contain a
large fraction of non-micellar protein, i.e., not-sedimenting at the
applied ultracentrifugation conditions. For pasteurised skim milk,
Huppertz et al. (2017) studied sedimentation behaviour of the
different caseins on centrifugation at 20,000e400,000�g for 1 h.
With increasing centrifugal force up to 100,000�g, progressive



Table 6
Calculated concentrations (in mmol kg�1) of free anions and complexes with cations
for phosphate, citrate and chloride in milk at pH 6.72.a

Ion Free anion Cation complex

Ca2þ Mg2þ Naþ Kþ

H2Cit- <0.01 <0.01 <0.01 <0.01 <0.01
HCit2- 0.05 0.01 <0.01 <0.01 0.01
Cit3- 0.28 6.51 2.14 0.03 0.05
H2PO4

- 7.60 0.07 0.04 0.10 0.18
HPO4

2- 2.84 0.57 0.37 0.41 0.56
PO4

3- <0.01 0.01 <0.01 <0.01 <0.01
Cl- 33.72 0.26 0.08 0.42 0.74

a Based on data in Table 1; calculations were done with a salt speciation model
slightly modified from that published by Holt et al. (1981).
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reductions in non-sedimenting caseins were observed at natural
milk pH, but little further effect was observed on further increasing
centrifugal force to 200,000 or 400,000�g. However, when
centrifugation time at 400,000�gwas extended to 72 h, no residual
caseins could be detected in the ultracentrifugal supernatant
(Huppertz et al., 2017).

For studying heat-induced changes in milk salts, measurements
can be done at the high temperature, or by applying a heat treatment
andmeasuring effects after cooling. A very limited number of studies
are available on in-situ measurements, e.g., pH, Ca-ion activity or
NMR, at elevated temperature (Boiani, Fenelon, FitzGerald, & Kelly,
2018; Chandrapala, McKinnon, Augustin, & Udabage, 2010; Zhang
& Aoki, 1996). Furthermore, some studies performed separation at
elevated temperatures and measured composition of the fractions
(Pouliot, Boulet,& Paquin,1989a).Most studies, however, studied the
effects of heat treatment bymeasuring differences in salt balances or
indicators thereof after heat treatment of the milk. In the following
three sections, we will discuss basics and heat-induced changes in
systems of increasing complexity: permeates (Section 3), whey
products (Section 4) and milk products (Section 5).
3. Heat-induced changes in the salts in ultrafiltration
permeates

Ideally, ultrafiltration separates the solution of salts and lactose
in water from the macromolecules and particles. Obviously, amino
acids and other small molecules also pass through the membrane,
but we will not consider these components in detail, because their
concentrations are low in the permeates of good quality milk and
we presume their effect to be insignificant. Behaviour of all per-
meates, e.g., of milk and those of whey from cheese-making or from
acid casein manufacture using lactic or minerals acids, can be un-
derstood by applying the principles that are described below.

The key factor for understanding is that solutions such as milk
permeate are not simply a mixture of Naþ, Kþ, Cl�, etc., according to
the serum composition in Table 1, because ions in solution are also
partly associated. The approximate concentration of the various
species can be calculated from the composition and the intrinsic
(i.e., calculated using activities, see below) association constants.
Only part of the species can actually be measured; e.g., ‘free’ cal-
cium can be measured using a Ca-selective electrode (Lewis, 2011).
Furthermore, the Donnan membrane technique allows measure-
ment of many ions simultaneously (Gao et al., 2009), but this
technique is laborious and needs a long measurement time;
therefore, it is seldomly used in the field of dairy science. In most
cases, ion speciation models are applied, as further outlined in
below.

Calculations must be based on activities (a, mol kg�1), rather
than on concentrations (m, mol kg�1). Activity is the ‘effective’
concentration. Activity is the same as concentration for ideal so-
lutions, i.e., a very dilute solution, having much lower concentra-
tions than milk serum. The relation between a and m, for
component x is:

ax≡gxmx (1)

In which g is the activity coefficient. Various models are in-use
to calculate the activity coefficient; for use in dairy products the
empirical Davies equation is useful because it covers the relevant
range of ionic strength of 0.05e0.5 M:

log g¼ � 0:5z2
�

√I

1þ√I
�0:3I

�
(2)
4

In which z is the charge of the ion species, and I is the ionic
strength, calculated as:

I¼0:5
X
i

miz
2
i (3)

The typical ionic strength of milk serum is about 0.07 M,
resulting in activity coefficients for mono-, di- and trivalent species
of 0.81, 0.42 and 0.14, respectively according to Eq. (2). Thus, ac-
tivity in milk serum is significantly lower than concentration; e.g., if
Ca2þ concentration in milk serum is 1.6 mM, then aCa2þ is 0.67 mM.
Using activities, the various equilibria in solution can be calculated,
e.g., the dissociation of citric and phosphoric acid, and the associ-
ation between Ca2þ and citrate3�. Calculations must be on all
equilibria simultaneously. Holt, Dalgleish, and Jenness (1981)
published a salt speciation model that became the standard for
milk serum, and dairy salt solutions in general. A full discussion of
speciation modelling in milk is outside the scope of this review; an
excellent discussion of most aspects given by Noeparvar (2018). The
calculated association of the main ions in milk serum, using a
slightly modified version of Holt's model (Holt et al., 1981), is given
in Table 6, for the average total concentrations in milk serum as
shown in Table 1.

From the composition of the serum, using activities, the under-
or supersaturation of milk serumwith respect to various crystalline
phases can be calculated. Ignoring the hydration water, the disso-
lution of, e.g., calcium citrate can be written as:

(Ca3citrate2)solid 4 3 Ca2þ þ 2 citrate3-

For which the ion activity product (IAP) of the ions in solution is:

IAP¼
�
aCa2þ

�3�
acitrate3�

�2
(4)

And the solubility product constant Ksp is the IAP when the
dissolved ions and the solid are at equilibrium. If IAP in a solution is
smaller than Ksp, precipitation cannot happen, or the solid phase
may (partially) dissolve, and if it is larger precipitation may occur.
For predicting what may happen, the saturation ratio, U, is useful, it
is defined as:

U¼
�
IAP
Ksp

�1=n

(5)

Inwhich n is the total number of participating ions the solid. If U
is >1, precipitation may occur, if it is <1, dissolution. See Table 7 for
the approximate intrinsic (i.e., calculated using activities) solubility
products at 20e25 �C, and the Saturation Ratio of a typical milk
serum or permeate. Milk serum is supersaturated with respect to



Table 7
Chemical formula, approximate intrinsic solubility products and saturation ratio in a
typical milk salts solution for selected salts that may form a precipitate in dairy
products.a

Compound Intrinsic solubility
product -Log10(IAP)

Saturation ratio

CaHPO4.2H2O (DCPD) 6.68 2.0
Ca5OH(PO4)3 (HAP) 58.2 11
Ca4H(PO4)3.5H2O (OCP) 46.9 1.8
Ca3Citrate2.4H2O 17.6 0.8
MgHPO4.3H2O 5.82 0.5

a Data from van Kemenade & de Bruyn, (1987a,b) for the phosphates and from
Walstra et al. (2005) for citrate.
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almost all calcium phosphates, close to saturation for calcium cit-
rate, but not saturated for magnesium phosphate. Thus, already at
room temperature, a precipitate can form in milk permeate if given
sufficient time. Typically, simulated milk ultrafiltrate (SMUF;
Jenness & Koops, 1962) becomes unstable after a few hours to days
at room temperature (Dumpler, Kieferle, Wohlschl€ager, & Kulozik,
2017), but milk permeate may be stable for (much) longer. Prob-
ably, this is due to the presence of a small amount of proteinaceous
material in the UF permeate. Schmidt, Both, Visser, and van Rooijen
(1987), reported a so-called ‘nucleation time extension factor’ of
>50 for 5 mg L�1 of b-casein peptide f1e25, suggesting an impor-
tant role of small amounts of proteinaceous material in increasing
the stability of permeates against precipitation; this is further
discussed in Section 4. In practice, permeate with higher nitrogen
content tends to be more stable. Additional stability of small pre-
cipitate particles in permeate versus model salts solutions, as
observed by Noeparvar andMorison (2018), may originate from the
presence of lactose-phosphate inmilk, that may co-precipitatewith
calcium phosphate and limit the growth of the precipitate particles.
A full discussion on precipitation at room temperature is outside
the scope of this paper; however, key factors relevant for heat-
induced changes in milk salts are:

1. The SI for various crystals depends strongly on pH, because this
determines the activity of HPO4

2� and PO4
3�, and also that of

Hcitrate2� and citrate3�, which is relevant because cit-
rate3�strongly associates with Ca2þ. Usually, if a crystalline
phase forms, the initial type is dicalcium phosphate dihydrate
(DCPD) at pH < 6.5 (e.g., pH as in cheese whey), whereas at
higher pH (e.g., that of milk) this is octacalcium phosphate (OCP;
Mekmene et al., 2009; van Kemenade & de Bruyn, 1987a,b).
From the various studies on this topic, it is clear that small dif-
ferences in experimental conditions, e.g., extent of initial su-
persaturation or buffering capacity of the system, may have a
considerable effect on the type of precipitate that is formed.

2. If DCPD, or an amorphous precipitate having a similar compo-
sition, is formed from a solution at pH 6e7, pH decreases, due to
re-equilibration of H2PO4

- 4 HPO4
2� þ Hþ. Thus, in most dairy

systems, pH decreases upon precipitation of calcium phosphate
(Gao et al., 2010).

3. Nucleation takes time, especially at moderate supersaturation;
Schmidt and Both (1987) reported a nucleation time of about 1 h
for a moderately supersaturated calcium phosphate solution at
pH 6.5 at 50 �C. Nucleation times in (non-concentrated) milk
permeate or whey are probably shorter, because the supersat-
uration of DCPD is about twice as high as in the solutions used
by Schmidt and Both (1987). This is in-line with the observation
that SMUF instantaneously becomes turbid upon warming to
temperatures >45 �C (Rosmaninho, Rizzo, MüllereSteinhagen,
& Melo, 2003).
5

4. Precipitation usually follows the Ostwald rule of stages; i.e., the
phase that is thermodynamically least stable forms first. The
first phase is often amorphous, but in some cases crystalline,
and serves as a template for the formation of the thermody-
namically more stable phase, e.g., at the typical pH of milk or
whey (6.0e6.7), formation of hydroxyapatite (HAP) is always
preceded by DCPD or OCP (van Kemenade & de Bruyn, 1987a,b).

5. Magnesium and citrate slow down precipitation of calcium
phosphate and change the type of precipitate. Holt, Timmins,
Errington, and Leaver (1998a) and Holt et al. (1988b) found
that amorphous calcium phosphate developed into DCPD rather
than HAP at pH 7.0 in the presence of Mg. For calcium phosphate
solutions, Mekmene et al. (2012) reported formation of DCPD at
low (drifting) pH, and of Ca-deficient apatite at a constant pH of
6.7, but in the presence of citrate, the precipitates developed
very little crystallinity, and citrate was present in, or on, the
precipitate.

The aforementioned studies indicate that in milk permeate at
room temperature, calcium phosphate precipitate is usually
amorphous and acidic, and that composition of the precipitate or
crystals is only expected to vary considerably between different
studies, due to small differences in composition and pH. Increasing
temperature induces or accelerates precipitation, because solubility
of the relevant calcium phosphates (amorphous or crystalline) is
lower at higher temperature. However, detailed information,
especially on the effects of temperatures above 40 �C, is scarce;
most studies on calcium phosphate precipitation have been done at
25 �C. An important difference between crystallisation at 37 �C
versus at 25 �C was the induction period was about a factor of 3
shorter and the crystal growth was faster (van Kemenade & de
Bruyn, 1987a,b). Also, maturation into more stable forms occurred
in shorter timescales, even at the significantly lower phosphate
concentrations at 37 �C that were chosen to obtain similar super-
saturations at different temperature. From these studies it also
appears that solubility products of DCPD and HAP only slightly
decrease with temperature, but that of OCP decreases much more
(van Kemenade & de Bruyn, 1987a,b).

Brul�e et al. (1978) studied effects of heating onmilk permeate up
to 90 �C for about 30 min; they observed a fine precipitate if tem-
perature was increased above 30 �C, and precipitation of 40% of Ca
and 25% of P after heating to 60 �C, and of 60% and 30%, respectively
after heating to 90 �C. Precipitates were amorphous and the pre-
cipitate obtained at 60 �C had Ca/P ratio of ~1, whereas that ob-
tained at 90 �C had a Ca/P ratio of ~1.5 (Brul�e et al., 1978). This is not
necessarily an effect of temperature (only), but may also be due to
faster maturation into a thermodynamically more stable form at
higher temperature, or simply due to the longer time needed to
heat to a higher temperature.

Brul�e et al. (1978) also tested the effects of pH and partial
demineralisation on precipitation after heating at 80 �C; interest-
ingly the Ca/P ratio of the material transferred to the precipitate
varied between about 1.0 and 1.5 already for the reference samples
in their various experiments; i.e., small details in composition affect
the composition of the precipitate. It should be noted that the
precipitate was separated after cooling, so partial reversal may also
have affected results. Heat-treatment of permeate resulted in a pH
decrease of about 0.3e0.6 units (Brul�e et al., 1978), as expected
from work on calcium phosphate solutions that are allowed to
precipitate at room temperature (Gao et al., 2010; Mekmene et al.,
2009).

Heating and concentrating at pilot conditions shows that the
nucleation time for precipitation from permeate may be longer
than the processing time: no precipitated material was observed in
the concentrate after heating and concentrating milk-UF-permeate
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at 60 �C up to a concentration factor of slightly below 2 (Tanguy
et al., 2016). However, from the published results it is not clear
whether precipitation had already occurred in the evaporator; for
concentration factor of 8.5, this was very considerable, about 1/3 of
total Ca (calculated from concentration in feed and concentration
factor of total solids). Full understanding requires detailed studies,
like the one by Panova (2001) on precipitation from lactic and
sulphuric whey permeate that was neutralised to pH 6.8, i.e., at
high supersaturation, at 75 �C. This study showed subtle effects,
such as the precipitation of Mg in the first few min of heating,
presumably because it was incorporated into the amorphous cal-
cium phosphate that was the first to precipitate, whereas Mg re-
solubilised upon longer heating, presumably because it was not
part of the apatite-like or other crystal formed that formed during
prolonged heating, in-line with the Ostwald rule of stages. Also,
precipitation in neutralised sulphuric acid whey permeate started
later and was less extensive than in neutralised lactic acid whey
permeate, presumably because the latter contained much less cit-
rate, because citrate was metabolised by the lactic acid bacteria
(Panova, 2001).

From the above, it is clear that precipitation of calcium phos-
phates can readily occur in ultrafiltration permeates when the
temperature is increased. Depending on composition and heat-
treatment settings, the initial precipitate will be amorphous in
nature due to the presence of magnesium and citrate, which hinder
the formation of crystalline phases of calcium phosphate. Longer
heating times and higher temperature promotes formation of
thermodynamically more stable salts. In addition, polyelectrolytes,
such as peptides, and small amounts of proteins may affect pre-
cipitation of calcium phosphates. Their concentration is low, but
may be significant, in ultrafiltration permeates, but much higher in
whey and microfiltration permeate, which are covered in Section 4,
and milk, which is covered in Section 5.

4. Heat-induced changes in the salts in whey and
microfiltration permeate

Whey represents the solution of milk salts, lactose and proteins.
The salts and lactose content of cheese whey is comparable with
that of milk ultrafiltration permeate, whereas acid whey from fer-
mented products or caseinate production are about 3� higher in Ca
and 2 � higher in P, due to dissolution of the MCP during acidifi-
cation (Wong, LaCroix, & McDonough, 1978). Most of the proteins
in whey are globular serum proteins, such as b-lactoglobulin or a-
lactalbumin (a-La). At neutral pH, these proteins weakly associate
with cations; precise quantitative data seem to be lacking, but we
estimate this to be about 1.5e2 mol of total cations per mol of
protein. In addition, a-La tightly binds an additional 2 Ca ions per
molecule (Brew, 2013). However, at the typical a-La content of milk,
this represents only 0.10e0.15 mmol Ca kg�1 milk (i.e., <2% of non-
colloidal Ca or <0.5% of total Ca in milk), and thus does not have a
major effect on ion-equilibria in milk and whey, perhaps with the
exception of whey protein isolates. Thus, ion activity in the solution
is hardly affected by the presence of serum proteins in quantities as
in whey; hence in cheese whey supersaturation of calcium phos-
phates is similar as in milk ultrafiltration permeate.

After heating at 80 �C for 30 min, Brul�e et al. (1978) observed
much less precipitation (measured as sedimenting after 30 min at
2000�g) of calcium phosphate from cheese whey than from milk
permeate. In mixtures of cheese whey and milk permeate, a
reduced amount of heat-induced precipitate was also observed
compared with pure permeate, if the mixture contained more than
50% whey; i.e., at a whey protein content higher than ~0.5% (Brul�e
et al., 1978). This stabilising effect of whey components was
investigated in detail by Schmidt et al. (1987), who measured the
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effect of various milk- and whey-derived peptides and proteins on
the nucleation rate of calcium phosphate solutions at 25 and 50 �C.
Inhibition was defined as the extension of the nucleation time, as
measured by light scattering and the start of the pH-decrease, from
a moderately supersaturated solution (having a nucleation time of
~1 h), which was obtained by slowly titrating Ca(NO3)2 and a
mixture of KH2PO4 and K2HPO4 into a 0.07 M KNO3 solution. They
concluded that the b-casein peptides f1e105/107 and f1e28, i.e.,
proteose peptone 5 (PP5) and proteose peptone 8-fast (PP8-fast),
were strong inhibitors of calcium phosphate precipitation, whereas
all other proteins in whey, including the casein macropeptide
(CMP), provided little or no inhibition of calcium phosphate pre-
cipitation (Schmidt et al., 1987). Inhibition resulted in slower for-
mation of precipitates, or no precipitate at all, within the timeframe
of the experiment, which was 100 h.

Mixed proteins from acid whey showed stronger inhibition than
those from cheese whey (Schmidt et al., 1987), in-line with the
finding by Van Boekel and Crijns (1994) that ~75% of proteose
peptone is retained in cheese, presumably because it is associated
to the MCP during cheesemaking, whereas all proteose peptone is
expelled to acid whey. Phosphate-rich peptides from casein are
even capable of bringing calcium phosphate precipitate in disper-
sion (Holt, 2000; Reeves & Latour, 1958). Essential for this capa-
bility is the presence of a so-called phosphate-centre, i.e., three or
more phosphorylated residues in a short sequence (Lenton,
Nylander, Teixeira, & Holt, 2014), which will be elaborated on
further in Section 5.

Although the main stabilising effect in whey compared with
permeate comes from the casein-derived peptides, small amounts
of residual casein in cheese or acid whey may also contribute to the
relatively high stability of the calcium-phosphate inwhey; Schmidt
et al. (1987) also showed that whole casein, and especially the Ba-
and Ca-precipitating fraction of casein, was a strong inhibitor of
calcium phosphate precipitation. In the calcium-phosphate solu-
tion used by Schmidt et al. (1987), the type of precipitate was not
affected by inhibition: DCPD precipitated pH 6.1 or below, and OCP
at pH 6.4 or higher, at conditions in which nucleation was slowed-
down, but not fully inhibited for the time of the experiment.
However, van Kemenade and de Bruin (1989) reported extensive
formation of DCPD at the cost of OCP in the presence of caseins, for
precipitation from calcium phosphate solutions in which in the
absence of caseins a mixture of DCPD and OCPwas formed at pH 6.1
and mainly OCP at pH 6.15. This again indicates that small differ-
ences in composition and conditions, like pH, can have a significant
effect on the type of precipitate.

Studies on salts precipitation from whey other than that by
Brul�e et al. (1978) seem to be lacking, but (industrially) concen-
trated whey is known to contain a large amount of precipitated (i.e.,
sedimenting at 2000�g) salts, mostly calcium citrate in acid whey
and a mixture of calcium citrate and calcium phosphate in cheese
whey (Saulnier, Ferrero, Bottero, & Linden, 1995; Vavrusova,
Johanson, Garcia, & Skibsted, 2017). Probably, the combination of
the high viscosity of concentrated whey and the relatively small
size for the precipitates, which (partly) originates in the stabilising
effect of the proteose-peptones, results in slow sedimentation,
which is not noticed at industrial conditions. Milk-microfiltration
(MF) permeate was observed to have a very different stability
compared with the UF permeate that was made from this MF
permeate: up to concentration factor of 8.5, no calcium and phos-
phate was lost in the evaporator for the MF permeate, and the
concentrate showed only a minor turbidity at low concentration
factor (Tanguy et al., 2016). However, at high concentration factor
considerable precipitation occurred (Tanguy et al., 2016). This is in-
line with the stabilisation of calcium phosphate in nanoclusters by
phosphoproteins or peptides (Lenton, Wang, Nylander, Teixeira, &



Table 8
Serum concentrations in milk ultrafiltration permeate from milk held for prolonged
periods at various temperatures, and calculated colloidal concentration.a

T (�C) Ca (mM) Pi (mM) (Ca þ Mg)/(Pi þ Cit),
colloidal

Permeate Colloidal Permeate Colloidal

4 8.78 22.4 11.46 9.8 2.28
20 7.86 23.3 11.32 10.0 2.24
40 6.67 24.4 9.89 11.4 2.09
60 5.52 25.5 8.54 12.7 1.99
80 4.27 26.7 7.88 13.4 1.97
90 3.51 27.4 7.45 13.8 1.79

a Periods held were 360 min at 20 �C, 30 min at 90 �C, intermediate time at in-
termediate temperatures. Total Ca and Pi were 30.8 and 21.4, respectively. Colloidal
concentration was calculated as (total e permeate � 0.96), to adjust for the serum
content of the milk. Data after Pouliot et al. (1987).
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Holt, 2020), in MF permeate from milk, stabilisation is probably
partly by caseins and partly by PP5 and PP8-fast.

Overall, if whey is heated and/or concentrated, activity of cal-
cium and phosphate exceeds saturation, similar to ultrafiltration
permeate as discussed in the previous section. However, due to the
presence of PP5 and PP8-slow, and casein molecules in milk-MF-
permeate, precipitation is inhibited to a certain extent, so these
liquids can be heated to higher temperature and for longer time,
and if precipitates form, they will usually be smaller, and pre-
dominantly acidic.

5. Heat-induced changes in the salts in milk

In milk, a large part of the Ca and phosphate, and some of the Mg
and Citrate, are not in solution, but in theMCP in the caseinmicelles.
MCP is formed in the lactating cell, in a crowded solution of casein in
a salts solution that is high in calcium from the beginning and is
slowly made more concentrated in especially inorganic phosphate
(Farrell, Malin, Brown, & Qi, 2006). Principles in milk are not
different from those discussed above for permeate (Section 3) and
whey (Section 4): calcium phosphate precipitates, Mg and citrate
prevent the formation of crystalline material, and phosphate-centres
on the casein molecules stabilise the amorphous particles, also
named calcium phosphate nanoclusters. Details of the in vivo for-
mation of these nanoclusters are still not clear, but it is clear that
formation of artificial micelles or casein-stabilised calcium phos-
phate nanoclusters requires careful and slow addition of salts and
adjustment of pH (Aoki, Kawahara, Kako, & Imamura, 1987; Holt,
Wahlgren, & Drakenberg, 1996), at a rate that is much slower than
that of the usual heating processes. The empirical formula for MCP is
[Ca13.2(Pi)6.5Mg1.0Cit1.3Casein1.0(SerP)4]49 (De Kruif& Holt, 2003); i.e.,
the nanoclusters contain both the organic SerP residues and inor-
ganic phosphate. Nanoclusters have an estimated radius of about
2.5 nm, and are stabilised, i.e., prevented from growing into large
particles, by the casein-SerPwhich forms a shell around the calcium-
phosphate core (De Kruif& Holt, 2003; Lenton et al., 2020). Single or
double SerP residues are not capable of associating strongly with the
nanocluster surface (Aoki, Umeda, & Kako, 1992; Schmidt & Poll,
1989), but aS- and b-casein have one or more so-called phosphate-
centres, with at least 3 SerP-residues adjacent in the primary
structure (De Kruif & Holt, 2003). The cooperative effect of several
SerP, and likely also the Asp and Glu residues that are adjacent to the
SerP (Vavrusova & Skibsted, 2013), anchors the protein on the MCP
surface, thus preventing the amorphous particles to grow into large
crystals. Taking the proteins perspective, MCP is key for the struc-
tural integrity of the casein micelles: if they are removed, e.g., by
adding calciumbinders like citrate, EDTA or hexametaphosphate, the
casein micelles dissociate into primary casein particles (PCP's),
showing by a strong reduction in turbidity of skimmed milk
(Huppertz et al., 2017).

An important factor for heat-induced changes in milk is that,
usually, not all phosphate centres of the caseins in milk are
sequestered on the surface of an MCP-nanocluster, i.e., most milks
have spare-capacity for calcium-phosphate stabilisation, i.e., non-
sequestered casein molecules, probably especially b-casein (Aoki,
Yamada, & Kako, 1990a; Aoki, Umeda, & Kako, 1990b; Bijl et al.,
2019; Huppertz et al., 2021). Similar to Bijl et al. (2019), we pre-
sume that nanoclusters are integers and that upon a change in
conditions, e.g., temperature or pH, they dissolve per nanocluster;
i.e., if a cluster starts to dissolve it goes completely, leaving others
intact, and in supersaturated serum, nucleation happens at a
phosphate centre, resulting in a new cluster of 2.5 nm radius, fully
stabilised by casein.

Another key factor is that part of Ca and inorganic phosphate (Pi)
exchanges between serum and micelles at time scales of less than a
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second (Boiani et al., 2018), and that part of Ca and Pi in theMCP are
exchangeable within the timescale of minutes to hours, as was
shown by experiments using 45Ca and 32PO4 (Pierre, Brul�e, &
Fauquant, 1983; Yamauchi & Yoneda, 1977; Zhang & Aoki, 1996).
Approximately 35% of Pi (i.e., ~4 mM), and 45% of Ca (i.e., ~9 mM),
that was present in the colloidal phase of milk was estimated to be
‘hard to exchange’ (Zhang & Aoki, 1996); thus ~6 and 11 mM of Ca
and Pi from MCP exchanged readily within the time scale of the
experiments, i.e., typically >1 h. Heat-treatment hardly changed
the proportion of ‘hard to exchange’ Ca if the 45Ca was added after
heating (Yamauchi & Yoneda, 1977), but if added before heating it
significantly decreased; after 30min at 120 �C no ‘hard to exchange’
Ca was measured (Pierre et al., 1983). More rapidly exchangeable
calcium and phosphate may be considered counterintuitive when
reasoning from the reduced solubility of calcium phosphates at
different temperatures. However, when considering the influence
of temperature on the rate of exchange, the increased levels of
exchangeable calcium at elevated temperature (45Ca added before
heat-treatment) clearly indicate a mainly kinetic effect. Further
studies are required to validate this.

Taking milk at 38 �C in the udder of the cow as the natural state,
cooling results in dissolving of part of the nanoclusters. Warming
back to 30e40 �C and heating to higher temperature results in
formation of less ultrafiltration-permeable Ca and P, and possibly
also Mg and citrate. Pioneering work on collecting ultrafiltration
permeate at temperatures up to 110 �C was done by Rose and
Tessier (1959), but because their UF-system suffered from strong
fouling, we use later results by Pouliot, Boulet, and Paquin (1987,
1989a) for the discussion below, which were also later confirmed
by Kaombe, Du, and Lewis (2012) and expanded to higher tem-
peratures (up to 110 �C) by On-Nom, Grandison, and Lewis (2010).
The results of Poulliot et al. (1987) show a strong decrease of Ca and
Pi in the permeate collected at higher temperature, a small decrease
of Mg and citrate, and no change in K and Na. However, it is
important to realise that a large effect on serum concentration is a
much smaller effect on colloidal content: taking 40 �C (2� above the
udder temperature) as base value, cooling to 4 �C releases about
10% of colloidal Ca, and warming to 80 �C requires formation of 10%
extra (Table 8); this range is far smaller than the variation in casein
mineralisation observed between different cows (Huppertz et al.,
2021).

The ratio (Ca þ Mg)/(Pi þ citrate) for the heat-induced precipi-
tate by Pouliot et al. (1989a) was similar to the 2.0 for the nano-
clusters mentioned above: at bit higher at low temperature, very
close to 2.0 at 40e80 �C, and about 1.8 at 90 �C. This is in-line with
the observations, using 31P NMR, of Boiani et al. (2018), who
concluded that Ca/Pi is lower at high temperature, which was
assumed to originate from the lower degree of protonation of
phosphate at higher temperature (i.e., pKa is temperature-
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dependent). A large part of the transfer of salts to the colloidal
phase occurred fast, within a couple of minutes (Pouliot et al.,
1989a); however, changes on short time scales could not be
investigated, if only because flushing the system took 1.5 min at
90 �C and up to 15 min at 4 �C. Anema (2009), who performed
similar experiments to Pouliot et al. (1989a) for milk and milk
concentrates up to 38% total solids, measured Ca, Pi and pH in
permeate collected during 60 min of heating-recirculation. Results
indicate that heat-induced changes of Ca and Pi in concentrated
milk are similar to those in milk, despite the fact that pH of con-
centrates was lower than that of milk (at 20 �C 6.7 for milk and 6.3
for 38% solids concentrate, and at 80 �C 6.3 and 5.9. respectively.
Almost all data in a plot of delta Ca versus delta Pi fell on a single
line with a slope of 1.0 (Anema, 2009), which is lower, even when
considering the inaccuracy that is inherent to such calculations,
than the slope calculated from the data by Pouliot et al. (1987,
1989a): about 1.2 for delta Ca/delta Pi colloidal between 80 and 4 �C
(calculated from the data in Table 8). Thus, the observations of
Pouliot et al. (1987, 1989a) indicate that heat-induced precipitate is
similar to the native MCP, and is possibly stabilised by the casein
molecules that are not-sequestered at ambient temperature. The
lower Ca:Pi ratio of the precipitate observed by Anema (2009)
indicate precipitation of calcium phosphate with little or no addi-
tional association to SerP, i.e., growth of the inorganic part of the
MCP only (resulting in slightly bigger nanoclusters), or the forma-
tion of a precipitate with little or no stabilisation by casein. An
interesting distinction between the studies is that Pouliot et al.
(1987, 1989a) started from fresh milk, whereas Anema (2009)
used reconstituted skim milk powder.

At higher temperature, permeate Ca concentrations are still
lower. On-Nom et al. (2010) observed a continuing decrease of total
divalent cations in milk dialysate attained up to 120 �C, and pH and
aCa2þ of this permeate, after cooling to room temperature, was also
lower with increasing temperature at which dialysis was per-
formed, down to pH 5.9e6.0 and aCa2þ of 0.2e0.3 mM after dialysis
at 120 �C. In this work, ~5 mM Ca was dissolved and ~25 mM

colloidal at 80 �C, changing to ~2.5 mM and ~27.5 mM, respectively,
at 120e130 �C. Overall, the probability that all calcium and phos-
phate that becomes insoluble upon heating above 100 �C can be
stabilised by casein is smaller, but this affects only a few mM of
calcium and phosphate.

Reversibility after heating to up to 90 �C appears to be slow, as
judged from results by Kannan and Jenness (1961): after cooling
and dialysis against the unheated milk at 4 �C for 48 h, colloidal
calcium and phosphate remained high, and total increased
compared with raw milk, indicating that the heat-precipitated
material dissolves so slowly that dialysis is able to restore serum
composition before dissolution is complete (Kannan & Jenness,
1961). Presumably, the biggest part of the restoration of equilib-
rium by dialysis took less than one day, indicating that part of the
heat-precipitated calcium phosphate is stable for at least a few
hours after cooling. Slow reversibility or incomplete of heat-
induced changes in the salts balance of milk has also been estab-
lished by Law (1996), Muldoon and Liska (1972), Pouliot, Boulet,
and Paquin (1989b), Van Dijk and Hersevoort (1992) and Wang
and Ma (2020). Particularly heat treatments >90 �C can cause
irreversible changes in the salt distribution.

A clear indication that not all calcium and phosphate that pre-
cipitates at high temperature is stabilised by casein, at least not at
the salt:casein ratio as found in casein micelles, is that during
heating of milk fouling of heating equipment can occur. Especially
at the high temperature section of UHT plants, most of the material
on surfaces is calcium-phosphate, usually with Ca/Pi ¼ 1.5 or even
higher, especially at long running times where the precipitate could
mature from amorphous to crystalline (Visser & Jeurnink, 1997).
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However, it must be realised that, for milk, the amount of Ca and Pi
in a fouling layer is less than 0.5% of the total present in the milk
that had passed the wall of the heater, so fouling may be a local
phenomenon, in which the wall is a surface on which nucleation
may happen from the supersaturated solution. Another indication
that not all heat-precipitated calcium phosphate in milk is stabi-
lised by casein is given by Nelson, Holt, and Hukings (1989), who
showed the presence of poorly crystalline b-tricalcium phosphate
in milk that was retort-heated for 5 min at 120 �C. But again, this
was described as ‘a small amount of poorly crystalline phase in a
largely amorphous material’. If a large surface area is added to the
milk, e.g. by adding yeast cells or cotton wool, heating induces
precipitation of a large part of the calcium and phosphate on this
surface, at a Ca/Pi of about 1.5, whereas no salts precipitated on the
yeast cells at room temperature (Evenhuis & De Vries, 1955).

Overall, although it is clear that during heating to 80e140 �C
most of the calcium and phosphate in (cows) milk serum becomes
insoluble, details of product composition and heating rates may
determine whether the additional precipitated material is stabi-
lised by caseins. Starting from cold-stored milk, sufficient phos-
phate centres are surely available for warming up to 40 �C, and in
most milks also for heating up to 80 �C, but probably not for heating
to higher temperatures. Data to conclude whether the additional
material, or all calcium phosphate in heated milk products, still
resembles native nanoclusters, is lacking, although at moderate
heating intensity is seems to be similar, not crystalline or having a
very different Ca/Pi. Taking the proteins perspective, heat-
treatment is known to result in a significant increase in not-UC-
sedimentable casein, not only k-, but also aS- and b-caseins
(Anema, 2021). Also, Aoki, Umeda, and Kako (1990) reported
‘cleavage’ of the linkage between casein and calcium phosphate
after heating at 135e140 �C for 75 s and cooling, whereas no in-
crease or decrease in casein linked to (micellar) calcium phosphate
was measured after heating at 60e90 �C. Thus, during or after heat-
treatment some casein dissociates from the micelles, and fewer
caseins are linked toMCP, i.e., an irreversible effect, whereas during
heat-treatment additional calcium phosphate precipitates, pre-
sumably in the micelles, which is reversible upon cooling. Thus, if
MCP is defined as including the SerP-centres, it is fairly certain that
moderately or high-heated milk, at least part of the MCP has
changed. A relevant factor probably is the heating-rate: in the
lactating cell, or in experiments on artificial micelles or nano-
clusters (Farrell et al., 2006; Holt et al., 1996; Huppertz et al., 2017),
supersaturation is very small due to slow addition of calcium and
phosphate, or slow increase of pH, whereas heating is usually done
within minutes, i.e., considerable supersaturation is attained
quickly. Similar to in milk permeate, precipitated material in
rapidly-heatedmilk may be amorphous, and similar to inwhey, it is
likely to be stabilised by casein molecules, which at high temper-
ature may also be in the casein micelles, thus the precipitated salts
will also be located in the micelles e nucleation will start at the
phosphate-centre. Key is that the additional insoluble calcium-
phosphate upon heating is stabilised by the casein, and it is only
to be expected that composition and size of the insoluble material
varies considerably between milk samples and also varies with
details of processing conditions.

6. Conclusions and future perspectives

In this article, we reviewed the heat-induced changes in milk
salts, in permeate, in whey and in milk. In all three systems, pre-
cipitates consisting of primarily calcium and phosphate are formed.
Such precipitates are typically amorphous in nature, at least
initially, and may mature into crystalline material, especially in
permeate and whey. Heat-induced precipitation of calcium
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phosphates is related to the reduction in solubility with increasing
temperature. However, a kinetic component should also not be
overlooked, where precipitation reactions which occur over long
time scales at low temperatures are accelerated to such an extent at
higher temperatures that they occur within the time scale of heat
treatments commonly applied in the dairy sector. In permeates, the
presence of citrate and magnesium can hinder precipitate forma-
tion, whereas in whey, particularly the peptides PP5 and PP8 are
potent inhibitors of calcium phosphate precipitate formation. In
milk, caseins, in both micellar and non-micellar form provide
additional stability against heat-induced precipitate formations.
Mechanistic understanding of heat-induced changes in milk salts is
still lacking in areas, which is at least partly related to the fact that
in situ measurements are challenging. Advances in spectroscopic
techniques, such as 31P NMR at elevated temperature may facilitate
further insights.
Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
References

Anema, S. G. (2009). Effect of milk solids concentration on the pH, soluble calcium
and soluble phosphate levels of milk during heating. Dairy Science & Technology,
89, 501e510.

Anema, S. G. (2021). Heateinduced changes in caseins and casein micelles,
including interactions with denatured whey proteins. International Dairy Jour-
nal, 122, Article 105136.

Aoki, T., Kawahara, A., Kako, Y., & Imamura, T. (1987). Role of individual milk salt
constituents in crosselinking by colloidal calcium phosphate in artificial casein
micelles. Agricultural & Biological Chemistry, 51, 817e821.

Aoki, T., Umeda, U., & Kako, Y. (1990b). Cleavage of the linkage between colloidal
calcium phosphate and casein on heating milk at high temperature. Journal of
Dairy Research, 57, 349e354.

Aoki, T., Umeda, U., & Kako, Y. (1992). The least number of phosphate groups for
crosslinking of casein by colloidal calcium phosphate. Journal of Dairy Science,
75, 971e974.

Aoki, T., Yamada, N., & Kako, Y. (1990a). Relation between the colloidal
calciumephosphate crosselinkage and release of beta casein from bovine
casein micelles upon cooling. Agricultural & Biological Chemistry, 54,
2287e2292.

Bijl, E., Huppertz, T., van Valenberg, H., & Holt, C. (2019). A quantitative model of the
bovine casein micelle: Ion equilibria and calcium phosphate sequestration by
individual caseins in bovine milk. European Biophysics Journal, 48, 45e59.

Bijl, E., van Valenberg, H., Huppertz, T., & van Hooijdonk, T. (2013). Protein, casein
and micellar salts in milk: Current content and historical perspectives. Journal
of Dairy Science, 96, 5455e5464.

Boiani, M., Fenelon, M., FitzGerald, R. J., & Kelly, P. M. (2018). Use of 31P NMR and
FTIR to investigate key milk mineral equilibria and their interactions with
micellar casein during heat treatment. International Dairy Journal, 81, 12e18.

Brew, K. (2013). aeLactalbumin. In P. F. Fox, & P. L. H. McSweeney (Eds.), Advanced
dairy chemistry (Vol. 1, pp. 261e273). Boston, MA, USA: Springer. Proteins.

Brul�e, G., Real del Sol, E., Fauquant, J., & Fiaud, C. (1978). Mineral salts stability in
aqueous phase of milk: Influence of heat treatments. Journal of Dairy Science, 61,
1225e1232.

Chandrapala, J., McKinnon, I., Augustin, M. A., & Udabage, P. (2010). The in-
fluence of milk composition on pH and calcium activity measured in situ
during heat treatment of reconstituted skim milk. Journal of Dairy Research,
77, 257e264.

Davies, D. T., & White, J. C. D. (1960). The use of ultrafiltration and dialysis in
isolating the aqueous phase of milk and in determining the partition of milk
constituents between the aqueous and disperse phases. Journal of Dairy
Research, 27, 171e190.

De Kruif, C. G., & Holt, C. (2003). Casein micelle structure, functions and in-
teractions. In P. F. Fox, & P. L. H. McSweeney (Eds.), Advanced dairy chemistry
(Vol. 1, pp. 233e276). Boston, MA, USA: Springer. Proteins.

Dumpler, J., Kieferle, I., Wohlschl€ager, H., & Kulozik, U. (2017). Milk ultrafiltrate
analysis by ion chromatography and calcium activity for SMUF preparation for
different scientific purposes and prediction of its supersaturation. International
Dairy Journal, 68, 60e69.

Evenhuis, N., & De Vries, T. R. (1955). The condition of calcium phosphate in milk I.
Netherlands Milk and Dairy Journal, 9, 146e157.
9

Farrell, H. M., Jr., Malin, E. L., Brown, E. M., & Qi, P. X. (2006). Casein micelle
structure: What can be learned from milk synthesis and structural biology?
Current Opinion in Colloid & Interface Science, 11, 135e147.

Gao, R., Temminghoff, E. J. M., van Leeuwen, H. P., van Valenberg, H. J. F.,
Eisner, M. D., & van Boekel, M. A. J. S. (2009). Simultaneous determination of
free calcium, magnesium, sodium and potassium ion concentrations in simu-
lated milk ultrafiltrate and reconstituted milk using the Donnan membrane
technique. International Dairy Journal, 19, 431e436.

Gao, R., van Halsema, F. E. D., Temmminghoff, E. J. M., van Leeuwen, H. P., van
Valenberg, H. J. F., Eisner, M. D., et al. (2010). Modelling ion composition in
simulated milk ultrafiltrate (SMUF) I. Influence of calcium phosphate precipi-
tation. Food Chemistry, 122, 700e709.

Greenbank, G. E. (1948). The oxidized flavor in milk and dairy products: A review.
Journal of Dairy Science, 31, 913e933.

Hiddink, J., de Boer, R., & Romijn, D. J. (1978). Removal of milk salts during ul-
trafiltration of whey and buttermilk. Netherlands Milk and Dairy Journal, 32,
80e93.

Holt, C. (1997). The milk salts and their interaction with casein. In P. F. Fox, &
P. L. H. McSweeney (Eds.), Advanced dairy chemistry (Vol. 3, pp. 233e256).
Boston, MA, USA: Springer.

Holt, C. (2000). Calcium phosphate nanoclusters and their applications. UK Patent
Application No, 0030634.0.

Holt, C., Dalgleish, D. G., & Jenness, R. (1981). Calculation of the ion equilibria in milk
diffusate and comparison with experiment. Analytical Biochemistry, 113,
154e163.

Holt, C., Timmins, P. A., Errington, N., & Leaver, J. (1998a). A core-shell model of
calcium phosphate nanoclusters stabilized by b-casein phosphopeptides,
derived from sedimentation equilibrium and small-angle X-ray and
neutron-scattering measurements. European Journal of Biochemistry, 252,
73e78.

Holt, C., Van Kemenade, M. J. J. M., Harries, J. E., Nelson, L. S., Bailey, R. T.,
Hukins, D. W. L., et al. (1988b). Preparation of amorphous calciumemagnesium
phosphates at pH 7 and characterisation by xeray absorption and Fourier
transform infrared spectroscopy. Journal of Crystal Growth, 92, 239e252.

Holt, C., Wahlgren, N. M., & Drakenberg, T. (1996). Ability of a becasein phospho-
peptide to modulate the precipitation of calcium phosphate by forming
amorphous dicalcium phosphate nanoclusters. Biochemical Journal, 314,
1035e1039.

Huppertz, T. (2013). Chemistry of the caseins. In P. F. Fox, & P. L. H. McSweeney
(Eds.), Advanced dairy chemistry (pp. 135e160). Boston, MA, USA: Springer.

Huppertz, T. (2016). Heat stability of milk. In P. F. Fox, & P. L. H. McSweeney (Eds.),
Advanced dairy chemistry (pp. 179e196). New York, NY, USA: Springer.

Huppertz, T., Gazi, I., Luyten, H., Nieuwenhuijse, H., Alting, A., & Schokker, E. (2017).
Hydration of casein micelles and caseinates: Implications for casein micelle
structure. International Dairy Journal, 74, 1e11.

Huppertz, T., Heck, J., Bijl, E., Poulsen, N. A., & Larsen, L. B. (2021). Variation in casein
distribution and mineralisation in the milk from HolsteineFriesian cows. In-
ternational Dairy Journal, 119, 105064.

Jenness, R., & Koops, J. (1962). Preparation and properties of a salt solution which
simulates milk ultrafiltrate. Netherlands Milk and Dairy Journal, 16, 153e164.

Kannan, A., & Jenness, R. (1961). Relation of milk serum proteins and milk salts to
the effects of heat treatment on rennet clotting. Journal of Dairy Science, 44,
808e822.

Kaombe, D. D., Du, Y., & Lewis, M. J. (2012). Mineral partitioning in milk and milk
permeates at high temperature. Journal of Dairy Research, 79, 1e6.

Karlsson, M. A., Langton, M., Innings, F., Wikstr€om, M., & Lundh, A. S. (2017).
Variation in the composition and properties of Swedish raw milk for ultra-
ehighetemperature processing. Journal of Dairy Science, 100, 2582e2590.

Law, A. J. (1996). Effects of heat treatment and acidification on the dissociation of
bovine casein micelles. Journal of Dairy Research, 63, 35e48.

Lenton, S., Nylander, T., Teixeira, S. C. M., & Holt, C. (2014). A review of the biology of
calcium phosphate sequestration with special reference to milk. Dairy Science &
Technology, 95, 3e14.

Lenton, S., Wang, Q., Nylander, T., Teixeira, S., & Holt, C. (2020). Structural biology of
calcium phosphate nanoclusters sequestered by phosphoproteins. Crystals, 10,
755e800.

Lewis, M. J. (2011). The measurement and significance of ionic calcium in milkea
review. International Journal of Dairy Technology, 64, 1e13.

Lucey, J. A., & Horne, D. S. (2009). Milk salts: Technological significance. In P. F. Fox,
& P. L. H. McSweeney (Eds.), Advanced dairy chemistry (pp. 351e389). New York,
NY, USA: Springer.

Mekmene, O., Quillard, S., Rouillon, T., Bouler, J.-M., Piot, M., & Gaucheron, F. (2009).
Effects of pH and Ca/P on the quantity and crystalline structure of calcium
phosphates obtained from aqueous solutions. Dairy Science & Technology, 89,
301e306.

Mekmene, O., Rouillon, T., Quillard, S., Pilet, P., Bouler, J.-M., Pezennec, S., et al.
(2012). Effects of citrate and NaCl on size, morphology, crystallinity and
microstructure of calcium phosphates obtained from aqueous solutions at
acidic or neareneutral pH. Journal of Dairy Research, 79, 238e248.

Muldoon, P. J., & Liska, B. J. (1972). Effects of heat treatment and subsequent storage
on the concentration of ionized calcium in skimmilk. Journal of Dairy Science,
55, 35e38.

Nelson, L. S., Holt, C., & Hukings, D. W. L. (1989). The EXAFS spectra of poorly
crystalline calcium phosphate preparations from heated milk. Physica B, 158,
103e104.

http://refhub.elsevier.com/S0958-6946(21)00248-X/sref1
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref1
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref1
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref1
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref1
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref2
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref2
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref2
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref2
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref3
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref3
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref3
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref3
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref3
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref3
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref4
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref4
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref4
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref4
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref5
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref5
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref5
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref5
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref6
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref6
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref6
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref6
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref6
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref6
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref6
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref6
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref7
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref7
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref7
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref7
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref8
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref8
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref8
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref8
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref9
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref9
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref9
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref9
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref9
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref10
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref10
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref10
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref10
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref11
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref11
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref11
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref11
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref11
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref12
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref12
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref12
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref12
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref12
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref13
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref13
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref13
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref13
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref13
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref14
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref14
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref14
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref14
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref15
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref15
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref15
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref15
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref15
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref15
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref16
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref16
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref16
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref17
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref17
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref17
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref17
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref17
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref18
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref18
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref18
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref18
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref18
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref18
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref19
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref19
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref19
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref19
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref19
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref20
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref20
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref20
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref21
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref21
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref21
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref21
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref22
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref22
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref22
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref22
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref24
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref24
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref24
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref24
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref25
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref25
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref25
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref25
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref25
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref25
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref26
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref26
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref26
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref26
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref26
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref26
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref26
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref27
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref27
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref27
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref27
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref27
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref27
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref28
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref28
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref28
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref29
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref29
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref29
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref30
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref30
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref30
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref30
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref31
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref31
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref31
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref31
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref32
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref32
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref32
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref33
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref33
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref33
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref33
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref34
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref34
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref34
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref35
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref35
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref35
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref35
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref35
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref35
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref36
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref36
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref36
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref37
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref37
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref37
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref37
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref38
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref38
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref38
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref38
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref39
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref39
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref39
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref39
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref40
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref40
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref40
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref40
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref41
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref41
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref41
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref41
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref41
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref41
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref42
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref42
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref42
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref42
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref42
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref42
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref43
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref43
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref43
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref43
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref44
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref44
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref44
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref44


H. Nieuwenhuijse and T. Huppertz International Dairy Journal 126 (2022) 105220
Noeparvar, P. (2018). Development of a computational framework for the prediction of
freeeion activities ionic equilibria and solubility in dairy liquids. Christchurch,
New Zealand: University of Canterbury. PhD Thesis.

Noeparvar, P., & Morison, K. (2018). The effects of lactose on calcium phosphate
precipitation (p. 2018). Queenstown, New Zealand: Chemeca.

O'Connor, T. P., & O'Brien, N. M. (2006). Lipid oxidation. In P. F. Fox, &
P. L. H. McSweeney (Eds.), Advanced dairy chemistry (Vol. 2, pp. 557e600).
Boston, MA, USA: Springer. lipids.

On-Nom, N., Grandison, A. S., & Lewis, M. J. (2010). Measurement of ionic calcium,
pH, and soluble divalent cations in milk at high temperature. Journal of Dairy
Science, 93, 515e523.

Panova, N. N. (2001). Calcium phosphate precipitation from whey permeate.
Hamiltion, New Zealand: University of Waikato. PhD Thesis.

PhaneXuan, T., Durand, D., Nicolai, T., Donato, L., Schmitt, C., & Bovetto, L. (2014).
Heat induced formation of betaelactoglobulin microgels driven by addition of
calcium ions. Food Hydrocolloids, 34, 227e235.

Philippe, M., Le Gra€et, Y., & Gaucheron, F. (2005). The effects of different cations on
the physicochemical characteristics of casein micelles. Food Chemistry, 90,
673e683.

Pierre, A., Brul�e, G., & Fauquant, J. (1983). Etude de la mobilit�e du calcium dans le
lait �a l’aide du calcium 45. Le Lait, 63, 473e489.

Pouliot, Y., Boulet, M., & Paquin, P. (1987). An experimental technique for the study
of milk salt balance. Journal of Dairy Science, 72, 36e40.

Pouliot, Y., Boulet, M., & Paquin, P. (1989a). Observations on the heateinduced salt
balance changes in milk I. Effect of heating time between 4 and 90 C. Journal of
Dairy Research, 56, 185e192.

Pouliot, Y., Boulet, M., & Paquin, P. (1989b). Observations on the heateinduced salt
balance changes in milk II. Reversibility on cooling. Journal of Dairy Research, 56,
193e199.

Pyne, G. T. (1962). Reviews in the progress of dairy science, Section C. Dairy
chemistry. Some aspects of the physical chemistry of the salts of milk. Journal of
Dairy Science, 29, 101e141.

Reeves, R. E., & Latour, N. G. (1958). Calcium phosphate sequestering phospho-
peptide from casein. Science, 128, 472.

Rose, D., & Tessier, H. (1959). Composition of ultrafiltrates from milk heated at 80 to
230 F. In relation to heat stability. Journal of Dairy Science, 42, 969e980.

Rosmaninho, R., Rizzo, G., MüllereSteinhagen, H., & Melo, L. F. (2003). Study of the
influence of bulk properties and surface tension on the deposition process of
calcium phosphate on modified stainless steel. In P. Watkinson, H. Müller-
Steinhagen, & M. R. Malayeri (Eds.), Heat exchanger fouling and cleaning: Fun-
damentals and applications (pp. 115e1210). Brooklyn, NY, USA: ECI Symposium
Series.

Sadeghinezhad, E., Kazi, S. N., Badarudin, A., Zubair, M. N. M., Dehkordi, B. L., &
Oon, C. S. (2013). A review of milk fouling on heat exchanger surfaces. Reviews
in Chemical Engineering, 29, 169e188.

Saulnier, F., Ferrero, F., Bottero, J. Y., & Linden, G. (1995). Variations de composition et
nature de la fraction insoluble des lactos�erums industriels. Le Lait, 75, 93e100.

Schmidt, D. G., & Both, P. (1987). Studies on the precipitation of calcium phosphate.
I. Experiments in the pH range 5.3 to 6.8 at 25 and 50 �C in the absence of
additives. Netherlands Milk and Dairy Journal, 41, 105e120.
10
Schmidt, D. G., Both, P., Visser, S., & van Rooijen, P. J. (1987). Studies on the precipi-
tation of calcium phosphate. II. Experiments in the pH range 7.3 to 5.8 at 25 and
50 �C in the presence of additives. Netherlands Milk and Dairy Journal, 41, 121e136.

Schmidt, D. G., & Poll, J. K. (1989). Properties of artificial casein micelles. 4. Influence
of dephosphorylation and phosphorylation of the casein. Netherlands Milk and
Dairy Journal, 43, 53e62.

Tanguy, G., Siddique, F., Beaucher, E., Santellani, A.-C., Schuck, P., & Gaucheron, F.
(2016). Calcium phosphate precipitation during concentration by vacuum
evaporation of milk ultrafiltrate and microfiltrate. LWT e Food Science and
Technology, 69, 554e562.

Van Boekel, M. A. J. S., & Crijns, C. J. (1994). Behaviour of the proteose-peptone fraction
during renneting of milk. Netherlands Milk and Dairy Journal, 48, 117e126.

Van Dijk, H. M., & Hersevoort, A. (1992). The properties of casein micelles. V: The
determination of heateinduced calcium phosphate precipitations in milk.
Netherlands Milk and Dairy Journal, 46, 69e76.

Van Kemenade, M. J. J. M., & De Bruyn, P. L. (1987a). A kinetic study of precipitation
from supersaturated calcium phosphate solutions. Journal of Colloid and Inter-
face Science, 118, 564e585.

Van Kemenade, M. J. J. M., & De Bruyn, P. L. (1987b). The influence of casein on the
precipitation of brushite and octacalcium phosphate. Colloids and Surfaces, 36,
359e368.

Van Kemenade, M. J. J. M., & De Bruyn, P. L. (1989). A kinetic study of precipitation
from supersaturated calcium phosphate solutions. Journal of Colloid and Inter-
face Science, 118, 564e585.

Van Slyke, L. L., & Bosworth, A. W. (1915). Condition of casein and salts in milk.
Journal of Biological Chemistry, 20, 135e152.

Vavrusova, M., Johanson, N. P., Garcia, A. C., & Skibsted, L. H. (2017). Aqueous citric
acid as a promising cleaning agent of whey evaporators. International Dairy
Journal, 69, 45e50.

Vavrusova, M., & Skibsted, L. H. (2013). Calcium binding to dipeptides of aspartate
and glutamate in comparison with orthophosphosphoserine. Journal of Agri-
cultural and Food Chemistry, 61, 5380e5384.

Visser, J., & Jeurnink, T. J. (1997). Fouling of heat exchangers in the dairy industry.
Experimental Thermal and Fluid Science, 14, 407e424.

Walstra, P., Walstra, P., Wouters, J. T., & Geurts, T. J. (2005). Dairy science and tech-
nology. Boca Raton, FL, USA: CRC Press.

Wang, Q., & Ma, Y. (2020). Effect of temperature and pH on salts equilibria and
calcium phosphate in bovine milk. International Dairy Journal, 110, Article
104713.

White, J. C. D., & Davies, D. T. (1958). The relation between the chemical compo-
sition of milk and the stability of the caseinate complex: I. General introduction,
description of samples, methods and chemical composition of samples. Journal
of Dairy Research, 25, 236e255.

Wong, N. P., LaCroix, D. E., & McDonough, F. E. (1978). Minerals in whey and whey
fractions. Journal of Dairy Science, 61, 1700e1703.

Yamauchi, K., & Yoneda, Y. (1977). Effect of some treatments of milk on the
exchangeability of colloidal calcium in milk with soluble calcium. Agricultural &
Biological Chemistry, 41, 2395e2399.

Zhang, Z. P., & Aoki, T. (1996). Behaviour of calcium and phosphate in bovine casein
micelles. International Dairy Journal, 6, 769e780.

http://refhub.elsevier.com/S0958-6946(21)00248-X/sref45
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref45
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref45
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref45
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref46
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref46
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref47
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref47
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref47
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref47
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref48
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref48
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref48
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref48
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref49
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref49
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref50
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref50
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref50
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref50
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref50
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref50
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref51
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref51
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref51
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref51
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref51
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref52
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref52
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref52
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref52
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref52
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref52
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref53
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref53
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref53
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref54
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref54
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref54
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref54
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref54
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref55
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref55
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref55
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref55
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref55
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref56
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref56
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref56
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref56
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref57
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref57
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref58
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref58
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref58
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref59
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref59
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref59
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref59
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref59
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref59
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref59
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref59
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref60
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref60
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref60
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref60
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref61
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref61
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref61
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref61
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref62
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref62
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref62
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref62
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref62
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref63
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref63
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref63
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref63
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref63
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref64
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref64
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref64
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref64
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref65
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref65
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref65
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref65
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref65
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref65
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref66
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref66
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref66
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref67
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref67
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref67
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref67
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref67
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref68
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref68
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref68
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref68
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref69
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref69
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref69
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref69
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref70
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref70
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref70
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref70
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref71
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref71
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref71
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref72
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref72
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref72
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref72
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref73
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref73
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref73
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref73
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref74
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref74
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref74
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref75
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref75
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref76
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref76
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref76
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref77
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref77
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref77
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref77
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref77
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref78
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref78
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref78
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref79
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref79
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref79
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref79
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref80
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref80
http://refhub.elsevier.com/S0958-6946(21)00248-X/sref80

	Heat-induced changes in milk salts: A review
	1. Introduction
	2. Composition and distribution of salts in milk
	3. Heat-induced changes in the salts in ultrafiltration permeates
	4. Heat-induced changes in the salts in whey and microfiltration permeate
	5. Heat-induced changes in the salts in milk
	6. Conclusions and future perspectives
	Declaration of competing interest
	References


