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Abstract

Understanding the role of calcium in colloidal stability of casein micelles, that is unquestionable, could become the key to
control the process of milk coagulation. It is evident that calcium ions can influence milk coagulation, but the molecular
mechanism of this influence to micellar casein system is not fully understandable. Methodologically, our research was based on
an idea that calcium ions can change the electric charge of casein micelles in the process of dissociation and recombination of
some kinds of phosphoproteins, which are components of the casein micelles. A simple quantitative model, which includes
kinetic description of the proteolysis process and the thermodynamics of the dissociation process of the functional groups of
micellar caseins, was worked out to analyze experimental results. Kinetic and thermodynamic methods of describing the process
of stability loss in micellar system were combined in one model, using the concept of solvent quality which is defined by the
second osmotic virial coefficient. Our experiments showed that calcium ions are able to connect chemically to caseins in the
micelles. Using reasonable assessments for thermodynamic and kinetic parameters, we managed to get quite adequate description
of the experimental data. We also demonstrated principal possibility of using our model to describe rennet, acid and mixed acid-
rennet clotting of milk as well as heat-calcium and heat-acid coagulation of milk.
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®OCPOMNPOTEUHBI KAK ®AKTOP KOJLJIOUJHON CTABUWJIBHOCTHU
KA3ZEMHOBBIX MULEJIJI B MOJIOKE

Hayunas craTes

AHHOTAIIUSA

HOHI/IMaHI/Ie HeOCHOpI/IMOﬁ pOJ'II/I KaJIblIUs B KOJ'IJ'IOPIHHOﬁ CTa6I/IJ'H)HOCTI/I MULECJI Ka3€Ha MOXKET CTaTh KIIFOYOM K KOHTpOJ'IIO
npouecca KOaFyJ'IHHI/II/I MOJIOKA. O‘IGBI/IHHO, YTO HUOHBI KaJIbIIUA BJIUAIKOT Ha KOaFyJ'IHHI/IIO MOJIOKa, OJHAaKO MOJIGKyJIHpHBIﬁ
MECXAaHHU3M OTOI'O BJIMAHUS HaA KOJ'IJ'IOI/IHHyIO CI/ICTeMy Ka3€MHOBBIX MUILICJIJI B MOJIOKE HE 1O KOHIIA ITOHSTCH. MGTOHOJ'IOFI/ILICCKI/I
Hamie ucCJie€J0BaHUuEC 6I)IJ'IO OCHOBAaHO Ha UACC O TOM, UYTO MOHBI KaJIbIIUA MOFyT N3MCHATH 3J'IeKTpPI‘~IeCKPII>i 3ap;m MHUIICJIJI Ka3€rHa
B Hpouecce aucconuanvu u peKOM6I/IHaHI/II/I HCKOTOPBIX BHUIO0B (bOC(bOHpOTCI/IHOB, KOTOpBIe ABJIAKOTCA KOMIIOHECHTAMU MULICJIT
Ka3€uHa. I[J'IH aHaJIn3a 3KCHepI/IMeHTaJ'H)HI)IX pe3yJ'H)TaTOB 6I)IJ'Ia pa3pa60TaHa HpOCTaH KOJIMYCCTBCHHAsA MOACIIb, BKIIIOUaromas
KHUHECTUYCCKOC OIIMCAaHUC npouecca HpOTeOJ’II/Ba nu TepMOHI/IHaMI/IKy npouecca Jucconuanuu (byHKHI/IOHaJ'H)HI)IX l"pyl'[l'[
MI/IHGJ'IJ'IHPHI)IX (bOC(bOHpOTCI/IHOB. KI/IHGTI/I‘IGCKI/IG nu TepMOﬂI/IHaMI/I‘IeCKI/Ie METOAbI OITUCAHU S npouecca HOTepI/I YCTOfIQHBOCTH B
MHHGJ’IJ’IHPHOﬁ CUCTEMC 6I)IJ'II/I O6’BGHI/IHCHBI B OﬂHy MOACIIb, I/ICHOJ'H)3yH KOHLCIINK KayeCTBa paCTBOpI/ITeJ'IH, KOTOpOe
OHPGHGHHGTCH BTOpI)IM OCMOTHYECCKUM BI/IpI/IaJ'H)HI)IM KOS(b(bI/IHI/IeHTOM. 9KCHepI/IMeHTBI I10Ka3aJiv, 4YTO MOHBI KaJIbIUA CHOCO6HBI
XUMHUYECKHU CBA3BIBATHCA C Ka3€MHAMU B MUILIEJIJIax. HCHOJ’HﬁyH pa3yMHI)Ie OLCHKU IJIsd TepMOHI/IHaMI/I‘ICCKI/IX U KHHCTHUYCCKHUX
napaMeIpOB, yﬂaJ’IOCB HOJ'Iy‘II/ITI) J0CTATOYHO aA€KBATHOC OIIMCAHUC 3KCHepI/IMeHTaJ'H)HI)IX JaHHBIX. HpOﬂeMOHCTpI/IpOBaHa
HpI/IHHI/IHI/IaJ'H)HaH BO3MOXHOCTH UCIIOJIB30BAHUA MOACIIN JIA OIIUCAHUS CI)I‘Iy)KHOFO, KHUCJIIOTHOI'O U CMCIIAHHOT'O KHUCJIOTHO-
CI)I‘Iy)I(HOFO CBepTI)IBaHI/IH, a TakKxKe TepMOKaHBHI/IeBOﬁ nu TepMOKHCJ’IOTHOﬁ KOaFyJ'IHHI/II/I MOJIOKA.

1



Journal of Agriculture and Environment 1 (9) 2019

KiawueBble c¢jI0Ba: Koarymsuusi MOJOKA, MHIEUIBI Ka3eHHA, KOJUTOMIHAS CTaOMIBHOCTb, HOHBI  KaJbIIHd,
(dbochonpoTenHBI, Ka3eHMHAT KaJIbITUI.

1. Introduction

Milk clotting is one of important technological processes in the manufacturing of many food-stuffs, in particular, cheeses.
This process is based on the coagulation of casein micelles, which may be caused by various factors, such as enzymes, acids,
alcohol, salts, or high temperature [1, 2].

It is recognized now that the colloid stability of casein micelles in milk is ensured, basically, by the presence of the k-casein
macropeptide hairy layer on the casein micelle surface, sterically restricting the possible clinging together of micelles [3-6]. In
essence, this layer represents a quasielastic polyelectrolyte brush formed by negatively charged macropeptide residues [7, 8].

The loss of colloid stability by the casein micellar system may be attributed to different ways of the destruction of the hairy
layer. Under rennet conditions, k-casein macropeptide hairs are split off by chymosin, which leads to the destruction of the
protective layer [9]. During acid coagulation, additional hydrogen ions easily get into the polyelectrolyte brush and shift ion
equilibrium to the recombination of dissociated k-casein macropeptide acid groups, thus reducing the electric charge of
macropeptide hairs and finally collapsing the protective layer [10, 11]. There are many different cheeses which use joint rennet
and acid or heat and acid coagulation in their technology [12, 13]. Heat and calcium coagulation is used mainly to produce
protein precipitate from skim milk and this type of milk clotting is quite similar to heat and acid coagulation [14, 15].
Destabilization of milk proteins by alcohol is not widely used in technological processes, thus it is less studied [16].

Certain distinctions in mechanisms of the destruction of the casein micelle protective layer, as well as a number of factors
affecting colloid stability of the micellar casein system, make it very difficult to describe various kinds of milk coagulation within
a uniform approach. For example, it is known that the lack of calcium in milk has no significant effect on acid coagulation, while
it is impossible to coagulate this milk by adding chymosin even after it has completely cut off the protective hairy layer [17, 18].

The investigations described below represent an attempt to work out a universal model of milk coagulation, which would
correctly describe, at least qualitatively, observable features of the milk coagulation phenomenon under various conditions of
casein colloid system destabilization. The background of our model is represented by both well-known experimentally confirmed
facts and somehow substantiated but still hypothetical assumptions. In particular, the basic hypothesis is based on the analysis
of the outstanding role of calcium ions in the stabilization of the micellar colloid system in milk.

2. Methods

It is known that calcium can chemically bind to phosphoserine groups of caseins [19-21]. Such groups are present in
appreciable amounts in a- and B-caseins. The resulting compound is commonly called calcium caseinate. Our hypothesis which
is the base for the model is that reversible dissociation of this caseinates releasing calcium ions into serum is able to arise an
additional electric charge of micelles thus affecting colloid stability of the micellar system in milk.

2.1. Experimental background

Reconstituted skim milk was chosen as the object for investigation. To prepare 1 kg of milk 90 g of fat-free milk powder
were dissolved in 910 mL of distilled water and it was aged for 12 hours at 6+2°C.

For rennet clotting chymosin in form of Maxiren® or CHYMAX® was used. In both cases 0.1 g of enzyme powder was
dissolved in 100 mL of distilled water to prepare the solution.

Calcium, magnesium and sodium were added to the reconstituted skim milk in the form of solutions of their chlorides.
Solutions of CaCl2 and magnesium with concentrations of 1 mol/L and NaCl with a concentration of 3 mol/L were used. Thus
1 mL of calcium chloride solutions contained 1 mmol of calcium and magnesium. Concentration of sodium chloride was chosen
to be 3 times larger so that the ionic strengths of all solutions were the same.

To decrease calcium ion concentration in milk Trilon B® (Na2EDTA) was used as a chelating agent. Calcium and
magnesium ion concentrations and pH in milk were measured with ion selective electrodes.

Milk coagulation was controlled by our thermographic method [22]. It is based on measuring the temperature difference
between two thermometers, one of which being heated, immersed into milk at a distance from each other. When coagulation
network is being formed in milk convection is hindered and temperature of the heated thermometer is increased. This method is
similar to the hot-wire one [23], but, unlike the latter, it is not sensitive to changes in the environmental temperature showing
only temperature difference between the heated and unheated thermometers thus making it feasible to use for heat-acid and heat-
calcium applications. Hereinafter, the curves, obtained with the help of thermographic method, that characterize the change in
milk structure during its coagulation, will be called thermograms (by analogy with rheograms).

Indirect method of analyzing of the amount of calcium and magnesium added to the milk and associated with casein micelles
was used. After coagulation, the milk clot was separated from the serum. The serum samples were then dried in a spray dryer
and the elemental composition of the resulting powder was examined spectroscopically using an inductively coupled plasma
atomic spectrometer.

2.2. Theoretic background

To simulate the experimental results, a model of pair interaction of micelles based on the model of sticky hard spheres was
used [10] with two additional rectangular potentials [24]. The total potential energy of the pair interaction of the micelles for the
selected model is schematically shown in Figure 1.
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Figure 1. Schematic micelle image (a) and interaction potential (b)
depending on distance » between centers of two micelles.

The potential includes a hard wall at a distance D between the centers of the micelles, a sufficiently deep narrow “attracting”
well of width @ and a repulsing step with a width of & U(r)=U  (r)+U,(r)+U (r), where

400, ¥ <D ~Uy+U,y, r<D+a U,r<D+o
U,(r)= ,U,(r)= ,U.(r)= .
0, >D 0, r>D+a 0, r>D+06

Repulsion energy U, is due to presence of the elastic hairy layer of k-casein macro-peptide residues on the surface of
micelles. The attraction potential -Up includes various interactions (van der Waals attraction, hydrophobic interactions, hydrogen
bonds, etc.), which ensure the adhesion of micelles when they directly contact their surfaces.

The additional potential Uass describes the repulsion of micelles because of appearance of the same electric charge of the
micelles as a result of dissociation of micellar calcium caseinate. This repulsion has evidently a short-range character due to the
strong Debye screening of protein molecules by ions contained in the whey. It is clear that at sufficiently high degree of
dissociation of calcium caseinates, the whole potential of intermolecular attraction U, can change its sign becoming repulsive in
this case. In spite of the fact that we are inclined to consider this additional potential as sufficiently screened by Debye layer
electrostatic repulsion, it is placed into the “adhesive” part of the whole potential. This is mostly to simplify the coordinate
dependence of the whole potential. In this way, the additional potential just varies the adhesive well depth. It is not even forbidden
to transform the “well” into the “step”.

To quantify the colloidal stability of the micellar system we use the formalism of solvent quality characterized by the second
osmotic virial coefficient

(1)

B, = 27[? r* (1—exp(=U(r)/kT))dr, )

where £ is the Boltzmann constant, and 7' is the absolute temperature.
3

Using the value of the specific excluded volume g, = i, where V,, = ﬂ? is the volume of the hard sphere, and

HS
a a 5 5
neglecting the terms containing —-, — and —, —, we get from (1) and (2)
D" D D
_ a (. U+U)kT o-a U JkT
ﬂ2_4+12D(1 e )+12—D (1—e /). 3)

It is believed that the colloidal solution becomes unstable under the condition =-6 [25, 26].

The coagulation kinetics is determined by the fact that the potential energies U, and U, depend on time. These dependences
are determined by the kinetics of variation of the corresponding charges: negative electric charge on the k-casein hairs gcwr
proportional to concentration of dissociated macropeptide residues, and an additional negative electric charge of micelles gcas
proportional to concentration of dissociated molecules of calcium caseinates.

Assuming that the binding of calcium to the phosphoserine groups of the casein molecules is a reversible process, the
dissociation-recombination reaction of calcium caseinate may be formally represented as

CaCAS < Ca**+ CAS™, )
where symbol CAS is chosen to represent the “molecule” of casein. Thus

‘ _—2e[CAS™] _ 2e K5[CaCAS] )
“ [M] [M]  [Ca*]

where Kcus is the equilibrium constant for the reaction (4), e=1.6:10"° C is electron charge and [M] is concentration of casein
micelles in milk.

To include acid milk coagulation in our model, we add a couple of highly simplified schemes similar to scheme (4). First,
we will consider the negative charge of k-casein macropeptide hairs gcup as a result of dehydrogenation

CMP < CMP +H", (6)
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—e[CMP ] e Keyp[CMP]
[M] [M]  [H']
where symbol CMP represents the k-casein macropeptide hydrophilic groups and Kcup is the equilibrium constant for the
reaction (6). One may assume that this charge ensures basically micelle steric stability by means of the elastic polyelectrolyte

brush.

Another reason for variation of calcium ion concentration as well as milk pH is hydrogenation of micellar colloid calcium
phosphate. Because of the complexity of its structure the hydrogenation in our model is considered within the extremely
simplified one-step scheme

()

demp =

CCP+2H" <> CCP" +Ca’*, (8)
where CCP” is the hydrogenated form of CPP. We hope that this “averaged” scheme of CPP hydrogenation is qualitatively
correct at least for describing the basic features of the process (for example, dependence on pH).

As an approximation, the potential energy associated with the charges is assumed to be proportional to their squares

U, = qu Uda = qu ©

cmp ’ CAS”’

3. Results

3.1. Rennet coagulation
Table 1 and Figure 2 show the results of experiments on rennet coagulation of reconstituted skim milk with different soluble
calcium content. The solution of calcium chloride was added so that the concentration of added calcium was 4, 8, 16 and 32
mmol/L.
Table 1. Content of Ca in whey samples

Added CaClz, mmol/L 4.0£0.1 8.0+£0.2 16.0+0.4 32.0+0.8
Detected Ca, mmol/L 2.8+0.2 3.6+0.2 5.440.2 8.5£0.2

As it can be seen from the Table 1, the certain amount of calcium added to milk before coagulation does not additively
increase its content in the milk serum after coagulation. This fact clearly confirms binding of calcium to casein micelles. In our
opinion, it can reflect exactly the exchange of calcium between the serum and caseins according to the scheme described by
scheme (4).

1 0 T T

Thermographic temperature difference, °C

Time, min.

Figure 2. Thermograms of rennet coagulation of reconstituted skim milk with additional Ca**. Curves:
1 — 32 mmol of CaCl» added to 1 L of milk sample;
2 — 16 mmol of CaClz added to 1 L of milk sample;
3 — 8 mmol of CaClz added to 1 L of milk sample;
4 — 4 mmol of CaClz added to 1 L of milk sample.

Predictably, the increase in the concentration of soluble calcium in reconstituted milk considerably reduces the duration of
rennet coagulation. However, the increase in the concentration of calcium ions above approximately 8 mmol/L (that corresponds
to 32 mmol/L of added CaCl.) leads to the saturation effect.

It is known that k-casein cleavage by chymosin does not depend essentially on the concentration of calcium ions in milk.
This may be justified by the conclusions in [27, 28]. In this case, the destruction of the protective hairy layer on the micelle

4
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surface for all samples whose thermograms are presented in Fig. 1 should occur simultaneously. One can see that sample 1 and
sample 2 coagulate practically in the same time. However, coagulation for sample 4 occurs much later.

Apparently, there should be a process that is able to decrease the additional negative charge of casein micelles, raised in the
way described by scheme (4). We assume that this process may be similar to the proteolytic cleavage of k-casein by chymosin
due to the nonspecific proteolytic activity of chymosin directed to charged functional groups of a- and -caseins [29—31]. Then
concentrations of dissociated macropeptide residues [CMP] and dissociated molecules of calcium caseinates [CAS?"] should
follow simple kinetics:

[CMP™ J(1) =[CMP™ J(t = 0)exp(~kyp 1)

[CAS®™](£) =[CAS* ](t = 0) exp(—kc,s 1)
Here kcump is the reaction constant for CMP proteolysis by chymosin and kcus is the reaction constant for the additional
nonspecific proteolysis of a-and -caseins by chymosin.
Taking into account that [CMP], =[CMP™]+[CMP] is the total concentration of dissociated and undissociated

(10)

macropeptide residues of k-caseins and [CAS], =[CAS® ]+[CaCAS] is the total concentration of dissociated and undissociated

phosphoserine groups we can represent electric charge of the micelles, using (5), (7) and (10) as follows:

[CMP™]_ —e Kyp[CMP],
- - ke 1), 11
TP =7CTIM] M) Ky +[H'] (e 1) (h

[CAS*"] —2e K ,5[CAS],
M]  [M] K +[Ca®]

Now it is possible to estimate some quantitive aspects of our model. Figure 3 presents the results of the calculation of the
second osmotic virial coefficient in the form (3) characterizing the colloidal stability of the micellar system of caseins as a
function of time for different values of the added calcium. Calculations of the potential energy were carried out according to
4.8kT
10°¢%
[CMP], =3000[M]; [CAS], = 1.5-10°[M]; [H"]=10"%" mol/L; U, =70kT; keyp =0.15 min"; kg =0.014 min'.

It is not difficult to see that the calculation data presented in Figure 3 are in satisfactory agreement with the experimental
results on the coagulation of skim milk samples enriched with calcium, shown in Figure 2. If we consider the moment of
coagulation #c as the time in which the rate of increase in the thermographic temperature difference attains it maximum value,
then on the basis of the analysis of the curves in Figure 3, the following clotting times can be obtained: #c1 = 6 + 1 min for curve
1; tc2= 8 £ 1 min for curve 2; tc3 = 13 = 2 min for curve 3 and tc4 = 32 £ 2 min for curve 4. On the other hand, if, as noted in the

previous section, the moment of loss of stability by the colloidal system is the achievement the value /% = -6, then one can see a
good coincidence.

deas = —2e exp(—kcas 1) - (12)

formulas (9), (11) and (12). Parameters used for modeling were: A4 = Kenp = 1.2:107° mol/L; Keas = 1.7-107° mol/L;

6, T T T T T T

112 34 4
A
_af 4
A
i
6 : . ) . \ A
0 5 10 15 20 25 30 35
Time, min.

Figure 3. Calculated values of £ resulted from fitting to curves 1, 2, 3 and 4 in figure 2.

We also repeated our experimental set using magnesium instead of calcium. Table 2 shows the results of spectroscopic
detection of magnesium content in whey after rennet coagulation of reconstituted skim milk with different amount of added
magnesium chloride.

Table 2 — Content of Mg in whey samples

Added MgCl12, mmol/L 8.0+0.2 16.0+0.4
Detected Mg, mmol/L 6.1+0.1 8.7+0.1
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As one can see comparing Table 1 and Table 2, magnesium seems to demonstrate worse binding to caseins. Note also that
the clot quality after adding the same amounts of calcium and magnesium in the samples is higher in the first case.
Figure 4 demonstrates thermogramms obtained during coagulation of skim milk enriched with magnesium.

o
0 (=]

Thermographic temperature difference, °C
N

ESS

0 0 20 30
Time, min.

Figure 4. Thermograms of rennet coagulation of reconstituted skim milk with additional Mg?*. Curves:
1 — 16 mmol of MgClz added to 1 L of milk;
2 — 8 mmol of MgCl» added to 1 L of milk.

As can be seen from the Figure 2 and Figure 4, coagulation stability of the samples is comparable for milk with the same
ratio of calcium or magnesium ions. However, samples with magnesium coagulate longer comparing with calcium-added
samples with the same amount chlorides. This fact makes it possible to estimate the value of the equilibrium constant for the
reaction MgCAS <> Mg2++ CAS?™ of dissociation of magnesium caseinate KZ s Somewhat higher than for the reaction (4).
Additional electric charge arising due to dissociation of magnesium caseinate can be represented as follows:

2- 1% *
§ =2 [CAST] _—2e _ Ko - KCAS[CASZ]E exp(—keps -1)- (13)
cas [M] [MIK_ +[Mg™] Kcps +[Ca™]

Figure 5 presents the results of the calculation of the second osmotic virial coefficient in the form (3) characterizing the
colloidal stability of the micellar system of caseins as a function of time for different values of the added magnesium.

6 T T T

—6 1 1 1
0 5 10 15 20

Time, min.

Figure 5. Calculated values of B2 resulted from fitting to curves 1 and 2 in Figure 4.

All common parameters used for this fit coincide with the parameters used in the previous case. Concentration of calcium
ions for both samples was the same and equal to 2.4 mmol/L. The resulting equilibrium constant for the dissociation of
magnesium caseinates was found to be KZ s =115 1072 mol/L. As was expected, this value significantly, almost 700 times,

greater than the value of the equilibrium constant for the dissociation of calcium caseinates. One should note again good
agreement between the experimental and calculated values of the coagulation time.
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Samples of milk with different contents of sodium ions were also prepared in this series of experiments. A solution of sodium
chloride was added so that the concentration of added sodium was 12, 24, 48 and 96 mmol/L. None of the samples of reconstituted
skim milk prepared in this way were clotted under the influence of chymosin for an hour. In principle, this model easily explains
the negative result of milk coagulation with addition of sodium chloride instead of calcium chloride. If the equilibrium constant
of dissociation of sodium caseinates is substantially higher than for magnesium caseinates, it will not be possible to coagulate
milk with the addition of reasonable amounts of sodium chloride within a reasonable time.

3.2. Acid coagulation

It is usually believed that acid milk coagulation does not depend on calcium ion concentration and is determined only by the
milk pH value. Nevertheless, this is not obvious. It is known that, under acid conditions, casein flocculation in milk begins at a
pH value of about 5. On the other hand, at such pH values, micellar calcium phosphate is practically entirely dissociated. Thus,
the mechanism of casein colloid system destabilization during acid milk coagulation is perhaps similar to that described above.

On the one hand, additional hydrogen ions under acid conditions reduce the charge of the macropeptide hairs, shifting the
equilibrium of reaction (6) to the left side. Thus the polyelectrolyte brush collapses and repulsive potential U, becomes negligible
(Figure 6). On the other hand, the increase in calcium ion concentration due to dissociation of colloid calcium phosphate leads
to a decrease in the additional micelle charge. Additional positive term Uaas in potential U, decreases (Figure 7) and it becomes
adhesive.

We tried a simple experiment to substantiate this idea. The point is that Na,EDTA exhibits acid properties being dissolved
in water. Thus, we were able to decrease milk pH by adding either lactic acid or Trilon B®. In both cases, we decreased it to 4.8.
In both cases, an increase in milk viscosity was observed. However, in case of coagulation with lactic acid, the increase in
viscosity was more intensive and a classic acid clot was observed as a result. In case of coagulation with Trilon B®, despite of a
slow increase in viscosity clot formation in milk does not occur.

400

™ o i

2001 4

T
r

U

1001 1

pH
Figure 6. Dependence of U, on pH

The mechanism of acid milk coagulation can now be described as follows. Decrease in milk pH or, respectively, an increase
in [H'] shifts, on the one hand, the equilibrium of reaction (6) to the left and, consequently, decreases (in absolute value) the
polyelectrolyte brush's negative charge gcup (according to (7)). On the other hand, the increase in [H'] leads to the hydrogenation
of the micellar colloid calcium phosphate complex according to scheme (8) and, hence, to an increase in calcium ion
concentration. As a result of [Ca?"] growth, balance in scheme (4) is shifted to the left, decreasing the absolute value of the
additional negative charge of casein micelles gcus (according to (5)). Eventually, micelles lose both steric stabilization by means
of the k-casein macropeptide hairy layer and stabilization by means of the additional electric charge. Thus, colloid stability is
lost, and an acid gel starts to form.
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Figure 7. Dependence of Uadd on [Ca?'] (b).

Mechanisms of rennet and acid coagulation can be easily joined in our model to describe acid-rennet type of milk

coagulation. One can just add proteolytic decrease of both gcur and gcus, as these are described by (11) and (12), to the equation
set of (4)-(9).

3.3. Heat-acid and heat-calcium coagulation

One more hypothesis in addition to the scheme described above allows to explain some features of heat-acid and heat-
calcium milk coagulation.

Let us assume that the equilibrium of reactions (4) and (8) is shifted to the left when temperature increases. In other words,
at higher temperatures, calcium forms less soluble compounds with both phosphates and caseins. Note that for reaction (8) such
dependence is an established fact, while for reaction (4) this assumption is just a working hypothesis. It is based on the possible
similarity of the chemical interaction of calcium with phosphate groups and phosphoserine residues of proteins.

Temperature increase leads then to a decrease in Kcas and, as a consequence, to a decrease in the additional micelle charge,
qcas. Therefore, for acid coagulation, temperature growth leads to higher pH values at which coagulation begins.

The direct use of the thermographic method to study the heat-acid or heat calcium coagulation process is complicated by the
fact that the application of an acid or calcium chloride solutions to heated milk is accompanied by intensive stirring, which
hinders structure formation. As a consequence, no strongly marked change in the temperature difference between the heated and
unheated thermometers occurs. In order to solve this problem, we developed the following technique of studying heat-acid and
heat calcium milk coagulation. Solutions of lactic acid or calcium chloride are added preliminarily into milk in amounts that
admittedly do not cause coagulation at room temperature. The prepared samples are then heated until gel appears under control
of thermographic device.

Thermogramms of this type show dependence of thermographic temperature difference on milk temperature. Like for
thermogramms on Figure 2 increase in thermographic temperature difference is caused by coagulation structure hindering milk
convection.

Figure 8 demonstrates the results of the experiment examining the dependence of temperature at which acid milk coagulation
begins on the milk pH value.

Thermographic temperature difference, °C

3 T T T T
35 45 55 65 75 85

Temperature, °C
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Figure 8. Thermograms of reconstituted skim milk samples subjected to heating after acidification. Curves:
1 —sample pH = 5.6;
2 —sample pH =5.9;
3 —sample pH = 6.2.

As one can see in Figure 8, coagulation of samples with a lower pH value begins at lower temperatures. These results
correspond well to the conclusions made above on the basis of our hypothesis.

In addition, it is noteworthy that the developed approach, based on the analysis of the out-standing role of calcium ions in
milk coagulation, can explain the amazing similarity of heat-acid and heat-calcium milk coagulation. It is well known that the
addition of acid solutions or calcium chloride to milk heated up to 90--95°C leads to immediate coagulation.

Within the described model, heat-acid and heat-calcium milk coagulation proceeds as follows. As milk is heated, equilibrium
of reaction (8) shifts to the left resulting in increase of hydrogen ion concentration. As a consequence, it shifts of reaction (6) to
the left. As a result, the charge of the k-casein macropeptide hairy layer on the micelle surface decreases and the colloid stability
of milk is determined only by the additional stabilization due to dissociated calcium caseinate. The reverse reaction in scheme
(4) leads to the reduction of the additional negative charge of casein molecules, but the concentration of ionized calcium is
usually insufficient for its full neutralization. Adding soluble calcium to heated milk quickly decreases the additional charge.
Adding an acid solution to milk leads to the shift of reaction (8) to the right and, hence, to a quick increase in calcium ion
concentration, reducing the additional casein charge. Thus, in both cases colloid stability is completely destroyed and coagulation
quickly begins.

Figure 9 demonstrates the results of the experiment examining the dependence of temperature at which milk with different
concentration of calcium ions begins to coagulate. As one can see, coagulation of sample with higher value of [Ca?'] begins at
lower temperatures, as it is predicted by our hypothesis.

6,5

5,5 A

Thermographic temperature difterence, °C
)

3,5 1

3 T T T T 1
40 50 60 70 80 90
Temperature, °C

Figure 9. Thermograms of reconstituted skim milk samples subjected to heating after adding of CaCl». Curves:
1 —[Ca?"] = 4.8 mmol/L;
2 —[Ca?'] = 1.5 mmol/L.

3.4. Conclusion

Within the framework of a simplified model based on the hypothesis of additional micelle charge arising due to dissociation
of micellar calcium caseinate we were able to explain the main features of rennet, acid and mixed acid-rennet coagulation of
milk.

Using the concept of solvent quality, determined by the second osmotic virial coefficient, and reasonable estimates for the
thermodynamic and kinetic parameters of the model we represented some quantative results describing coagulation of
reconstituted skim milk enriched with calcium and magnesium ions. It was possible to obtain a quite adequate description of the
experimental and explain the difference in the effect of calcium, magnesium and sodium ions on the coagulation of casein
micelles.

Hypothesis describing the temperature dependence of equilibrium constant for dissociation of micellar calcium caseinate
made it principally possible for us to explain the main features of heat-acid and heat-calcium coagulation of milk.

We believe that our model can be useful not only for scientists, but also for those technologists who wants to enhance .dairy
thechnologies using fundamental principles of chemistry and physics.
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