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Abstract — When milk is processed to dairy products, the concentration of the milk and the
temperature/time combinations to which the milk is exposed can be varied. For example, large
differences in milk concentrations and temperature/time combinations are used in the manufacture
of milk powder or the various concentrated liquid milk products. Although the milk salts,
particularly the concentrations and equilibrium states of calcium and inorganic phosphate, are
considered to be important in the stability and functionality of dairy products, there have been few
studies on the mineral balance in concentrated milk systems and how this is affected by temperature
changes. The objective of this study was to examine the effect of milk concentration (9.6-38.4%
w/w total solids), temperature (20-80 °C) and time (0—60 min) on the pH and the concentrations of
soluble calcium (Cag,) and soluble inorganic phosphate (Pg). At any given temperature, the level
of Cag, and Py, as mmol-kgfl, increased and the pH decreased as the milk concentration was
increased. However, when measured as a percentage of the total, the level of Cay, and Py
decreased as the milk concentration was increased. At any given milk concentration, the level of
Cay,), Py, and milk pH decreased within the first few minutes of heating, with little further change
at longer heating times. For milk samples at each concentration, there was a strong correlation
between the final Cay, and the final Py, at all temperatures. At any particular milk concentration,
there was a strong correlation between the final milk pH and the final Cay,, or the final Py levels.
These results indicate that substantial decreases in milk pH, Cay, and Py, can occur at the
temperatures milk will experience in common commercial processes, and the extent of the changes
will be dependent on the milk concentration and the processing conditions.

milk / calcium / phosphate / pH / concentration / temperature

WE - FIAMBIBPIIREN pH. WS EEBERR & BRI, 7L I
AR, LR AT N ) ik R E /I ) 2 [ 6 R AT AR e i, AR gk
B AR RE PR TLIN AN [ FLAR PSE ot 2 g B A B J88 /I (] 58 R AN ] AL &, 4R
I PR PSP IR A LS TEH LA PR st e A A L Gt RS M DD REAF PR (K BB P 3%, (HL2
RTHRFUAR ZR 00 SR~ AR AR AR IX RSP 0y T BT 8 A F A R A
SCHBRMIFAFLIIIE (9.6 ~ 384%, wiw LI o W& (20-80 °C) FIINIE (0 ~ 60
min) X pH. FVETEFSIRE  (Cag) FILHUBERRERIRE  (Pyo) MIEMW. FEE—HER

*Corresponding author (GH iH{FE#): skelte.anema@fonterra.com

Article published by EDP Sciences


http://www.edpsciences.org/
http://dx.doi.org/10.1051/dst/2009026
http://www.dairy-journal.org

502 S.G. Anema

YRIE T, Cagy FI Pyt IOIRNE (UL mmolkg ' #/m) MM, 1 pH I Bt 75 FL A JE 114
INTMTEEAGe  Cago 1 Pooy BEAEFLIRIE  (BLAT BP0 1 20 S koR) I mm Ak /&
B2 EMFLREE R, Cagy Py Al pH ZEMIFAMKIIRA] LB A RIS, 4R n#ax =AM
AR e R IR LRI LR TE, FEPTARRRIE T, A& Cag MIRE Py ZIH]
BAT R ARYE AR R @ LRI R, IR 1 pH A2 Cagy) BURES Py Z
) A E AR DIPTSR, AESL A MV Nz 5 EE AT 83l pH. Cagy
A Py AR, XA AR R IR T FL AR AN L4541

FR /6 PR / pH / WE / BE

Résumé — Effet de la concentration du lait en matiére séche sur le pH et les taux de calcium et
phosphate solubles au cours du chauffage. Lorsque le lait est transformé en produits laitiers, la
concentration du lait et les combinaisons température/temps auxquelles le lait est exposé sont
variables. Par exemple, de grandes différences de concentrations du lait et de combinaisons tem-
pérature/temps sont utilisées dans la fabrication de poudre de lait ou de laits concentrés. Bien que
les minéraux du lait, particuliérement les concentrations et états d’équilibre du calcium et phosphate
inorganique, soient considérés comme importants dans la stabilité et les fonctionnalités des produits
laitiers, il y a eu peu d’études sur la balance minérale dans les systémes laitiers concentrés et sur sa
modification par les changements de température. L’objectif de cette étude était d’examiner 1’effet
de la concentration du lait (9,6 a 38,4 % p/p de maticre seche totale), de la température (20-80 °C)
et du temps (0 a 60 min) sur le pH et les concentrations en calcium soluble (Ca,) et phosphate
inorganique (Py,y). A chaque température testée, le taux de Cag, et de Py, (mmol'kgfl) augmentait
et le pH diminuait lorsque la concentration du lait augmentait. Cependant, lorsqu’il était exprimé en
pourcentage du total, le taux de Cag, et Py diminuait quand la concentration du lait augmentait.
A chaque concentration du lait, le taux de Cay, et Py, et le pH du lait diminuaient au cours des
premicres minutes de chauffage avec peu de changement ultérieur pour des durées de chauffage
plus longues. A chaque concentration du lait, il y avait une corrélation forte entre le Cay,; final et le
Py, final a toutes les températures. A chaque concentration du lait il y avait une corrélation forte
entre le pH final du lait et les taux finaux de Cay, et Py, . Ces résultats indiquent que des
diminutions substantielles du pH du lait, du Cay, et du Py, peuvent survenir aux températures
auxquelles le lait est soumis dans les procédés commerciaux habituels, et 1’étendue de ces
changements dépendent de la concentration du lait et des conditions de traitement.
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1. INTRODUCTION soluble inorganic phosphate (P) are pres-
ent in the soluble phase as free ions or are

Bovine milk is a complex biological associated with other ions, as has been

fluid containing protein, emulsified fat, min-
erals, carbohydrates and water. The casein
proteins, much of the calcium and phos-
phate, and low levels of other minerals,
are found as large macromolecular assem-
blies called casein micelles [17]. The min-
eral components that are associated with
the casein micelles (predominantly calcium
and phosphate) are commonly referred to
as colloidal calcium phosphate (CCP) and
this CCP is in a dynamic equilibrium with
the mineral components in the soluble
phase. The soluble calcium (Cay,) and the

described in detail [6].

The equilibrium state of the calcium and
phosphate in milk is markedly dependent on
the temperature, concentration and pH of
the milk [6]. Increasing the temperature of
milk results in the transfer of the Ca,, and
P, to the colloidal phase, with a concomi-
tant decrease in milk pH [14, 16]. Most of
this decrease in Cag, and P, occurs within
the first minutes of heating, with smaller
changes on prolonged holding [14, 16].
Under mild heating conditions (below
95 °C/several minutes), the changes
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in Cagy, Py, and milk pH are largely revers-
ible when the temperature of the milk is
restored to its initial value [7, 15].

Concentration of milk by evaporation
retains all the milk salts, and, as milk is
saturated with respect to calcium phos-
phate, some of the Cay, and Py, is trans-
ferred to the colloidal phase. However, as
the milk pH decreases on increasing milk
concentration, and, as increasing ionic
strengths reduce the activity coefficients
of the Cay, and Pg,, the concentrations
of calcium and phosphate in the soluble
phase do increase but this increase is not
proportional to the concentration factor of
the milk [6, 12].

Milk concentration can be markedly
increased when milk is processed to dairy
products, and these concentration changes
are usually accompanied by increases or
decreases in the temperature of the milk
[17]. For example, during the manufacture
of skim milk powder, the milk can be con-
centrated from the natural level (about 10%
total solids (TS)) to about 50% TS before
spray drying, and the temperature during
this processing can range from about 4 °C
to temperatures above 100 °C depending
on the specification of the powder product
[17]. Milk can be concentrated up to 2.5
times to produce evaporated liquid milk
products, during which the milk tempera-
ture can be varied from about 4 °C to over
140 °C depending on the product being
produced. There can be problems while
processing milk concentrates (e.g. fouling
of surfaces, thickening or coagulation) or
storing concentrated milks (e.g. age gelation
or sedimentation), and the milk minerals,
particularly calcium and inorganic phos-
phate, are often implicated in these issues
[17]. Despite this, there have been few stud-
ies on the effect of temperature on the Cag,
Py, and pH for concentrated skim milk.
This study, therefore, examined the effect
of milk concentration and temperature
on the pH of the milk and the partition

of calcium and phosphate between colloidal
and soluble phases.

2. MATERIALS AND METHODS
2.1. Milk supply

Skim milk samples of 9.6%, 19.2%,
28.8% and 38.4% TS (w/w) were prepared
by dissolving the appropriate quantity of
low-heat skim milk powder (Fonterra
Co-operative Group Ltd., New Zealand:
contains about 34% protein, 4% moisture,
54% carbohydrate, 8% minerals and 0.8%
fat) in high purity water. Sodium azide
was added to each milk sample at a rate
of 0.1 mg-L™". The milks were allowed to
equilibrate at 20 °C for at least 24 h.

2.2. Heat treatment and
ultrafiltration permeate
collection

A sample of each milk sample was heated
from ambient temperature (~ 20 °C) to tem-
peratures ranging from 30 to 80 °C. Heating
commenced when the milk sample was
pumped from a vessel at room temperature,
through the ultrafiltration (UF) unit
(10 000 Da (nominal) hollow fibre membrane
cartridge and pumping equipment (Amicon,
Inc., Beverly, MA, USA)) and a tubular
heat-exchange device (at the desired temper-
ature) to a second vessel held in a tempera-
ture-controlled water bath set to the desired
temperature. Once the required volume of
milk had passed through to the second ves-
sel, it was recirculated between the UF unit,
the heat-exchange device and the second
vessel for the duration of the experiment,
thus maintaining the milk at the desired tem-
perature. The heat-up time to the required
temperature was < 2 min for all samples.
For each sample, a series of UF permeate
samples (about 2.5 mL) was collected dur-
ing a 60-min heating-recirculation period.



504 S.G. Anema

Not more than about 10% of the total milk
volume was extracted as permeate.

2.3. Measurement of pH

The pH of the milk samples was measured
across a range of temperatures and holding
times using a combination glass electrode
coupled with a temperature probe. At each
temperature, standard pH buffers were
allowed to equilibrate for about 30 min
before being used for calibration of the pH
meter. The pH shift of buffers due to temper-
ature was taken into account during calibra-
tion. Milk samples were pumped through a
heat exchanger to a vessel held at the desired
temperature in a thermostatically controlled
water bath as described in Section 2.2. The
pH of these samples was monitored against
time and temperature.

2.4. Calcium, phosphate
and TS analysis

Calcium in the milk and permeate sam-
ples was determined by an inductively cou-
pled plasma emission spectroscopy method
[1]. Phosphate was determined as inorganic
phosphate using the molybdo-vanadate
method [2]. The TS content of the milk
samples was determined by drying samples
at 102 °C for 5 h [13].

3. RESULTS

3.1. Time-dependent changes in
Cag, and Py, on heating milk

The results for the time-dependent
changes in Cag, and Py, levels when milk
samples were heated from 20 °C to tempera-
tures in the range from 30 to 80 °C are shown
in Figures 1A and 1B for the 9.6% and 28.8%
TS milk samples, respectively. Similar gen-
eral results were observed for the milks at
the other concentrations. On heating, there
was an initial steep decrease in Cayo and Py

levels over the first 5 min of heating, fol-
lowed by a period where only small further
changes in Cay, and Py, were observed.
The extent of the decrease in the Cay,; and Py
was greater at higher temperatures. As only
small changes in Cay, and Py, are observed
on heating beyond about 10 min, the Cag,
and Py, levels obtained after 60 min heating
are referred to as the final Cag, and final Py
at each particular temperature. Figure 1C
shows the effect of temperature on the final
Ca,, and final P levels. For each milk con-
centration, there was an inverse linear rela-
tionship between the final Cag, or the final
P, level and temperature. The relative effect
of temperature on the change in final Cag, or
final P, was more pronounced as the milk
concentration increased from 9.6% to
28.8% TS, but was similar at milk concentra-
tions of 28.8% and 38.4% TS.

3.2. Relationship between Cay,,
and Py,

The relationship between the final Cag
and the final Py, levels is shown in
Figure 2A. At each milk solids concentra-
tion, there was a linear relationship between
the final Cag, and the final P levels, with
the lines displaced to higher Cag, and Py
as the milk concentration increased. The
changes in final Cay, and final Py, with
increasing temperature (relative to the sam-
ple at 20 °C) can be plotted against each
other to give an indication of the composi-
tion of the calcium phosphate material that
is transferred from the soluble to the colloi-
dal state (Fig. 2B). With the exception of a
couple of points (the 80 °C points for the
28.2% and 38.4% TS milks), all the data fell
close to a single line with a slope very close
to unity (1.02).

3.3. Time-dependent changes
in pH on heating milk

The results for the time-dependent
changes in pH when milk samples were
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Figure 1. Changes in soluble calcium (i) and soluble phosphate (ii) on heating milk. (A) Changes
in soluble calcium or soluble phosphate with heating time for the 9.6% TS milk heated at 20 °C (e),
30 °C (o), 40 °C (v), 50 °C (V), 60 °C (m), 70 °C (o) and 80 °C (#). (B) Changes in soluble
calcium or soluble phosphate with heating time for the 28.8% TS milk heated at 20 °C (e), 30 °C
(0),40 °C(v), 50 °C (V), 60 °C (m), 70 °C (o) and 80 °C (#). (C) Changes in final soluble calcium
and final soluble phosphate after 60-min heating at a range of temperatures for the 9.6% TS (o),
19.2% TS (o), 28.8% TS () and 38.4% TS (V) milk samples.

heated from 20 °C to temperatures in the results were observed for the milks at the
range from 30 to 80 °C are shown in other concentrations. For each milk concen-
Figures 3A and 3B for the 9.6% and 28.8% tration, the pH decreased rapidly on initial
TS milk samples, respectively. Similar heating followed by a period where only
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Figure 2. Relationships between soluble cal-
cium and soluble phosphate for milks of
different concentrations. (A) Relationship
between soluble calcium and soluble phosphate
for the 9.6% TS (e), 19.2% TS (o), 28.8% TS
(v) and 38.4% TS (V) milk samples that were
heated at temperatures between 20 and 80 °C
for 60 min. (B) Relationship between the
change in soluble calcium and the change in
soluble phosphate (relative to the samples held
at 20 °C) for the 9.6% TS (®), 19.2% TS (o),
28.8% TS (v) and 38.4% TS (V) milk samples
that were heated at temperatures between 20 and
80 °C for 60 min.

small further changes in pH were observed.
For each milk concentration, a greater
decrease in pH was observed at higher tem-
peratures. Only small changes in pH were
observed on heating beyond 10 min, there-
fore, the pH at 60-min heating was referred
to as the final pH. At any particular milk
concentration, the final pH decreased with

increasing temperature, and at any particular
temperature, the final pH of the milk
decreased with increasing milk solids con-
centration (Fig. 3).

Figure 3C shows the final pH plotted
against temperature. For each milk concen-
tration, the pH decreased essentially linearly
with increasing temperature. The observed
effect of temperature on the final pH for
the 9.6% milk was almost identical to that
reported by Chaplin and Lyster [4]. Increas-
ing the milk concentration resulted in a shift
in the position of the curve to lower pH;
however, the slopes of the curves at all milk
concentrations, and therefore the relative
effect of temperature on the pH, were very
similar.

3.4. Relationship between pH
and Cag,, and pH and P,

The relationships between the final pH
and the final Cay,, and between the final
pH and the final P, are shown in Figure 4.
For each milk concentration, there was a
strong linear correlation between the final
pH and the final Cag, or the final Py, with
the curves displaced to higher Cag, or Py
as the milk concentration is increased. The
relative increase in final Cag, or final Py
with increasing pH was more pronounced
(i.e. steeper slope) as the milk concentration
increased from 9.6% to 28.8% TS, but was
similar at milk concentrations of 28.8% and
38.4% TS.

4. DISCUSSION

The results in Figure 1 indicate that, on
heating, the new equilibrium position
between soluble and colloidal calcium and
phosphate is rapidly approached at all milk
concentrations. For the 9.6% TS milks, the
changes in Cay, and Py, with heating time
at various temperatures were comparable
with those reported by Pouliot et al. [14],
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Figure 3. Changes in pH on heating milk.
(A) Changes in pH with heating time for the
9.6% TS milk heated at 20 °C (e), 30 °C (0),
40 °C (v), 50 °C (V), 60 °C (m), 70 °C (o) and
80 °C (#). (B) Changes in pH with heating time
for the 28.8% TS milk heated at 20 °C (@), 30 °C
(), 40 °C (v), 50 °C (v), 60 °C (m), 70 °C
(o) and 80 °C (#). (C) Changes in final pH after
60-min heating at a range of temperatures for the
9.6% TS (), 19.2% TS (o), 28.8% TS (¥) and
38.4% TS (V) milk samples.

and their final Cay, and Py, levels were
very similar to those obtained in this study
(Fig. 1). At any particular temperature, the
final Cay, or final Py, increased, but this
increase was markedly less than the concen-
tration factor of the milk (Figs. 1 and 2).
Although milk is saturated with respect to
Cay, and Py, the increased ionic strength
on concentration of the milk will reduce
the ion activity coefficients, and this, cou-
pled with the reduced pH on increasing
the milk concentration, will result in higher
Cay, and Py, concentrations, while main-
taining the solubility product relationship
between soluble and colloidal calcium and
phosphate [6, 12].

Figure 3 shows that the final pH of the
milks varied from about pH 6.7 to pH 5.9
depending on the milk concentration and
temperature. It may have been expected that
this variation in pH would change the nature
of the calcium phosphate that is precipitated
from solution. However, the results in
Figure 2 indicate that the calcium phosphate
transferred from the soluble phase during
heating milk is similar in composition,
regardless of the milk concentration and
the temperature to which the milk is heated.
This may be explained by the studies of
Holt [5, 6] who found that the solubility
product of calcium phosphate from milk
was independent of pH over the range from
pH 6.4 to pH 7.1 and suggested that the
solubility product for calcium and phos-
phate in milk is dictated by the stoichiome-
try of the equilibrium calcium phosphate
phase.

The observation that the heat-precipitated
calcium phosphate has a calcium to phos-
phate ratio close to 1 suggests that this
material may have a similar composition to
dicalcium phosphate (CaHPO,). These
results are consistent with literature reports
as Pouliot et al. [14] and Rose and
Tessier [16] found a calcium to phosphate
ratio close to 1 for the calcium phosphate
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Figure 4. Relationships between pH and sol-
uble calcium or soluble phosphate for milks of
different concentrations. (A) Relationship
between pH and soluble calcium for the 9.6%
TS (e), 19.2% TS (o), 28.8% TS (v) and
38.4% TS (V) milk samples that were heated at
temperatures between 20 and 80 °C for 60 min.
(B) Relationship between pH and soluble
phosphate for the 9.6% TS (o), 19.2% TS
(0), 28.8% TS (v) and 38.4% TS (V) milk
samples that were heated at temperatures
between 20 and 80 °C for 60 min.

transferred to the colloidal phase when milk
at its natural concentration was heated.
Walstra et al. [17] suggested that transforma-
tion of Cay, and P, to colloidal calcium
and phosphate involved the reaction:
Ca** + H,PO, — CaHPO, + H', which
also suggests that the heat-precipitated
calcium phosphate has a calcium to phos-
phate ratio close to unity.

It should be noted that milk serum is a
complex mixture of mineral components,
and some of these other mineral compo-
nents may also associate with the Cag,

and Py, (such as citrate and magnesium)
on heating to form insoluble salts that are
transferred to the colloidal phase [6, 7].
However, Rose and Tessier [16] indicated
that there was little change in soluble citrate
or soluble magnesium on heating milk at a
temperature of ~ 95 °C for up to 80 min,
which suggests that little calcium will be
precipitated as the citrate salt and little phos-
phate will be precipitated as the magnesium
salt.

The nature of the CCP in milk, the mode
of association of CCP with the casein
micelles and the relationship between the
CCP and the heat-precipitated calcium
phosphate have not been unequivocally
established [5, 8]. Although CCP has a cal-
cium to inorganic phosphate ratio of about
1.5, when the Ca to (inorganic + organic
phosphate) is considered, the ratio is close
to unity [8]. This has led to the suggestion
that the native CCP in milk may resemble
dicalcium phosphate [8, 9]. Holt et al. [10,
11] have prepared calcium phosphate
nano-clusters that are similar in size, com-
position, short-range order and dynamics
to the native CCP. Through chemical
analyses and infrared spectroscopy, it was
suggested that these nano-clusters are com-
posed of amorphous dicalcium phosphate
complexed to the organic phosphate groups
of the casein proteins. As the heat-precipi-
tated calcium phosphate has a similar cal-
cium to phosphate ratio as the native CCP,
it has been suggested that the heating of
milk resulted in an increase in the size of
the CCP particles within the casein micelles
in order to accommodate the precipitated
calcium phosphate [7]. It is possible that
the native CCP acts as nucleation sites for
the heat-precipitated calcium phosphate.
This is supported by the observation that
the level of casein cross-linked by CCP is
not increased by moderate heating [3].

The decrease in pH on increasing milk
concentration (Fig. 3) is due to the increase
in ionic components in the milk and possi-
bly due to the precipitation of calcium
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phosphate. The decrease in milk pH under
mild heating conditions (Fig. 3) is report-
edly due to the changes in the dissociation
of ions within the milk [6, 7, 17] and the
conversion of Cag, and Py to the colloidal
phase (through the reaction Ca*' +
H,PO, — CaHPO, + H"). On extensive
heating, other reactions, such as the degra-
dation of lactose or Maillard reactions,
may cause more substantial and irreversible
decreases in pH [4, 6]; however, these types
of reactions are unlikely to occur to any
great extent under the mild heating temper-
atures used in this study.

This study has demonstrated that the dis-
tribution of calcium and phosphate between
soluble and colloidal phases is markedly
dependent on the temperature and concen-
tration of the milk. Increasing the tempera-
tures resulted in a rapid conversion of
Cagg and Py, to the colloidal phase, and this
was accompanied by a concomitant
decrease in pH. The Cay,, Py, and milk
pH decreased within the first few minutes
of heating and then remained relatively con-
stant at longer heating times. Although the
concentrations of Cay,, Py, and pH were
affected by the milk concentration, a similar
general effect was observed at all milk con-
centrations, and as a consequence, inter-
relationships were observed between Cas,
Py, and pH. It appears that, at all milk con-
centrations, the predominant calcium phos-
phate phase precipitated from milk on
increasing the temperature has a calcium
to phosphate ratio close to unity. These
results indicate that during the processing
of milk, rapid decreases in the pH and the
Cag, and Py, occur when the milk is heated.
If calcium or phosphate components are
implicated in instability problems during
the processing or storage of concentrated
milks, it will be necessary to consider the
concentration of these components as well
as the effects of temperature, heating time
and milk concentration on the equilibria of
calcium and phosphate between the soluble
and the colloidal phases.
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