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Abstract Understanding the behavior of casein micelles (CM) in concentrated regimes
is critical for the design of dairy unit operations such as drying or evaporation but also it
is still scarce. In this work, the effect of the decrease in pH and the addition of a calcium
salt on concentrated skim milk dispersions was examined by rheometric measurements
at 25 °C. Control samples (S1), samples with a pH of 5.8 (S2), and samples with
0.04 M CaCl, addition (S3) at different concentrations (40, 45, 48, 50, and 52% w/w)
were analyzed through flow curves and oscillatory dynamic data by frequency sweep
tests. All samples showed a clear shear thinning non-Newtonian behavior and a large
dependence on concentration, dispersions being more fluid for samples S2 and S3. A
viscosity model for microgels was used to obtain parameters related to the characteristic
structure of systems. It was demonstrated that CM had a similar structure for the
different physicochemical systems studied and that the decrease of pH and the addition
of salt reduced the dispersion stability due to electrostatic and steric potential energy is
depleted. Dynamic data showed that dispersions at the highest concentration had
dominant and similar elastic behavior and weak gel character. A transition regime from
fluid to gel was observed in samples S2 at 45% w/w. No samples obeyed the Cox-Merz
rule. This study allowed gaining more understanding related to the structure of CM
systems studied.
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1 Introduction

Milk is a rather dilute suspension of highly hydrated colloidal particles, the casein
micelles (CM) and fat. These particles are dispersed in a continuous phase mainly
made up of water with salts, lactose, and whey proteins (Walstra et al. 2006). CM
are colloidal assemblies with a supramolecular association of individual casein
molecules: ag), Xso, 3, and k-casein. These fractions are organized within the
micelle according to their hydrophobic and hydrophilic character. The k-casein
fraction is known to be mainly present on the surface of the micelle, providing a
steric and electrostatic stabilizing outer layer (Dalgleish 2011; Dalgleish and
Corredig 2012; Horne 2006; Horne 2009). Stability of CM can be modified by
different physicochemical changes: variation of pH, alteration of the mineral
balance of milk, enzymatic cleavage of the k-casein brush, concentration, heating,
etc. (Huppertz and Fox 2006).

When milk is concentrated, the presence of CM has a crucial impact on the
macroscopic and functional properties of the obtained products (Liu et al. 2012).
Indeed, CM are the main contributors to the skim milk rheology (Bienvenue
et al. 2003; Karlsson et al. 2005; Liu et al. 2012). However, information about
how the CM behave and interact in such concentrated regimes is still scarce
(Bouchoux et al. 2009; Dahbi et al. 2010; Dalgleish and Corredig 2012; Qu et al.
2015). Concentration of skimmed milk is an important unit operation in a
number of dairy processes. In particular, the manufacture of spray dried products
such as skimmed milk powder requires the concentration of milk up to approx-
imately 40-50% total solids prior to spray drying. Concentration alters the
physicochemical state of the milk, affecting relevant process properties such as
viscosity, and influencing the functional properties of the final products (Liu
et al. 2012).

In a previous study, we showed that the parameters obtained from a viscosity
model for CM dispersions applied to sets of experimental data from the literature
indicate that CM, at high concentrations, behave as soft spheres or microgels
(Olivares et al. 2013), as also suggested by Mezzenga et al. (2005) and Dahbi
et al. (2010). Also, we showed that the pair interaction energy between CM can be
directly obtained from a rheological parameter and it agrees satisfactorily with the
values obtained with a previously proposed DLVO-like theory (Tuinier and de
Kruif 2002). Microgels can be compressed and deformed to a degree that is
determined by their internal cross-link network. Therefore, they can reach effec-
tive volume fractions much greater than the random close packing limit for hard
spheres. At such packing, colloidal-state particles become trapped in cages formed
by their neighbors in a jammed state (Menut et al. 2012). In this sense, the precise
nature of CM rearrangements in jammed microgel packing remains elusive,
making difficult to disentangle effects of internal and surface properties of the
particle. Therefore, in the present work, we explore the rheology of concentrated
skim milk dispersions affected by pH and calcium salt addition.
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2 Materials and methods
2.1 Preparation of milk dispersions

Skim milk powder (SanCor Cooperativas Unidas Ltda., Sunchales, Argentina) obtained
with a low heat treatment that reduces the level of denatured whey proteins was used to
prepare the concentrates. It is worth mentioning that CM can be subjected to processing
and drying, but it is generally assumed that they have similar structure and properties to
native micelles (Dalgleish and Corredig 2012). To prepare the first group of samples,
the desired amount of powder was gradually added to purified water at 25 °C while
stirring at moderate speed. Samples were sealed and maintained at 30 °C during 30 min
(samples S1). To analyze the effect of pH, glucono-6-lactone (GDL, Sigma-Aldrich,
USA) was added to the concentrates to a final concentration of 0.8% w/w (kept at 25 °C
for 2 h) to obtain a desired pH of 5.8 (samples S2). This condition was chosen as a pH
lower than the physiological one but to avoid micellar flocculation (Koutina et al.
2015). Also, although at pH 5.8 colloidal calcium phosphate is partially solubilized and
the net charge decreases, CM maintain their global organization (Karlsson et al. 2007;
Rollema and Brinkhuis 1989; Uricanu et al. 2004). Therefore, CM can be considered as
rheological units in the analysis proposed in this study. To analyze the effect of added
salt, the procedure for obtaining samples S1 was used but replacing water by a
0.04 mol.L™" CaCl, solution as dispersing medium (samples S3). It is worth
mentioning that this calcium concentration is commonly found in commercial
supplemented milks. All samples were prepared at the levels of 40, 45, 48, 50, and
52% w/w. Each dispersion preparation was carried out in duplicate. Ultrafiltration (UF)
permeate was obtained from each preparation by centrifugation at 3000xg for 20 min at
20 °C using Vivaspin 15 ultrafiltration units with 50 kg.mol ' molecular weight cutoff
(Sartorius, Goettingen, Germany). Sodium azide (0.02% w/v) was added to
reconstituted milk and UF permeate to prevent microbial growth. All samples were
stored overnight at 4 °C.
The volume fraction (¢) of each dispersion was calculated from

g casein 0 g protein
g protein " g skim milk

o=Wpuv 0.783 (1)

where W (-) is the milk powder mass fraction, p (g.mL ") is the dispersion density at a
defined temperature that was calculated as suggested by Choi and Okos (1986) taking
into account the composition of the skim milk powder used (35% w/w protein, 50% w/
w carbohydrate, 1.5% w/w fat, 8.5% w/w ash, and 4% w/w moisture), and v is the CM
voluminosity (v=4.4 mL.g '; Bouchoux et al. 2009; Dahbi et al. 2010; de Kruif 1998).
The percentage of caseins in the total protein content of milk of 78.3% was used as
suggested by Walstra et al. (2006).

2.2 Rheometry
Concentrated skim milk dispersions and UF permeates (dispersing fluid) were evalu-

ated with a rheometer Haake RheoStress RS80 (Haake Instruments Inc., Paramus, NJ,
USA) with a cone-plate geometry (60-mm diameter, 1° angle). All measurements were
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performed in a steady strain sweep mode at 25 °C after temperature equilibration of the
samples.

Flow curves were obtained over the range of 0.001 to 1000 s™' of shear rate.
Prior to each viscosity measurement, the samples were pre-sheared at 1000 s~
during 2 min to erase any shear history. Samples were allowed to equilibrate for
3 min before starting the measurements. Dynamic rheological data were obtained
by frequency sweep tests from 0.01 to 1 Hz at strain amplitude of 0.005+5 x 107*,
To prevent evaporation from the sample, silicone oil (20 cP) covered the edge of
samples. The linear viscoelastic region was determined by performing strain
sweep tests from 0.001 to 0.1 at 1 Hz. All measurements were performed in
duplicate.

2.3 Statistical analysis

Data were analyzed by ANOVA using Statgraphics (Statgraphics Inc., Rockville, MD,
USA). When differences between treatment effects were significant (P<0.05), a
multiple comparison of means was performed.

3 Theory

3.1 Rheological model: casein micelles considered as microgel particles

A simple structure of CM as colloidal particles composed of a core of radius a

with a brush of k-casein of length H was considered. Thus, the particle
hydrodynamic radius is ay=a+H (Fig. 1). The mean surface-to-surface distance

Fig. 1 Schematic representation of casein micelles considered as microgel particles
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between cores / (Fig. 1) is related to the core volume fraction ¢, by (Berli and
Quemada 2000)

h=2a(¢,/0,)"*—2a 2)

where ¢, is the maximum packing fraction. In addition, CM volume fraction ¢
is (Berli and Quemada 2000)

¢ = ¢, (a/a)’ (3)

Above a critical particle concentration, the polymer layers overlap and ¢; can be
calculated as ¢; = prep(@/ay)’, where ¢rep=0.637 is the random close packing volume
fraction.

Rheometrical assays were interpreted through the model for microgel particles (Berli
and Quemada 2000; Olivares et al. 2013). Briefly, this model allows obtaining an
explicit relationship between viscosity and shear stress for non-Newtonian behavior of
concentrated microgel suspensions.

L+ 7/7¢
12
(nr,w/nr,o) +7/7c

4)

Nr = Nreo [

In Eq. 4, n,=n/nz where 17 is the dispersion viscosity and 7 is the dispersing fluid
viscosity. The critical shear stress, 7, characterizes the shear-thinning behavior of the
suspension. At high concentrations or when forces between particles are strong, particle
interaction becomes important in addition to Brownian motion.

Therefore, the critical shear stress is defined as

kyT + U
7-0276 3 ! (5)
ay

where kT is the thermal Brownian energy, Uy is the total interaction potential between
two CM, and a is the particle hydrodynamic radius. Also, in Eq. 4 7, , and 7),.,, are the
relative limiting viscosity values corresponding to the shear stress limits 7— 0 and 7—

oo, respectively.

NMro = (1_¢/¢o)72 (6)

My = (1_¢/¢oo)_2 (7)

where ¢, and ¢, are the effective maximum packing fractions corresponding to the
shear stress limits 7— 0 and 7— oo, respectively. For hard sphere dispersions, the
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maximum packing fractions were reported ¢, = 0.63 and ¢,,=0.71 (Russel et al.
1991). However, as CM contain a brush layer, the maximum packing fractions can
show an additional shear stress dependence.

When ¢> ¢, the dispersion viscosity diverges due to the onset of the plastic
behavior and an apparent yield stress 7, develops (Berli and Quemada 2000):

v=rlr) ®

3.2 Calculation procedure

Replacing Egs. 6 and 7 in Eq. 4), the following equation is obtained:

(& 7a)
1_,,,;1/2 — (blo+ 77:6(;500 (9)

Te

Experimental data of 7, versus 7 can be used in Eq. 9 to obtain the packing
fractions ¢, and ¢, and the critical shear stress 7., as fitted parameters. It is
important to take into account that in our case, values of 7. should approach
kpT/a;” (scaling for colloidal suspensions of non-interacting particles) for mean
distance h greater than 2H. Therefore, in order to obtain values with physical
meaning, this condition can be considered as a constraint during the fitted
process. Values of s can be obtained from different concentrations ¢, using
Eq. 2 and a maximum packing fraction for CM of ¢,,=0.68 (N&bel et al.
2012). Note that polydispersity leads to higher values of ¢,, in comparison with
ideal monodisperse hard spheres. Finally, ratios Up/kzT as function of % are
calculated for each set of experimental data using the following equation
obtained from Eq. 5:

Ur Tca?{—kBT
—_— = 10
kyT kgT ( )

Rollema and Brinkhuis (1989) demonstrated through '"H-NMR spectrum
analysis that CM are unaffected by pH when changing from 7.5 to 5.8.
Besides, Philippe et al. (2005) showed that in spite of the decrease in
hydration and increase in the contents of salts and casein molecules in CM,
no modifications of the average diameter of CM were detected. Therefore, for
the application of the rheological model, it is assumed that CM size is
constant for all samples studied. Values of ay = 71.3 nm and H = 4.9 nm
were obtained from literature (de Kruif et al. 2012; Tuinier and de Kruif
2002). When plastic behavior was observed (¢>¢,), yield stress 7, was also
calculated using Eq. 8.
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4 Results and discussion

Figure 2 shows typical relative viscosity curves for concentrated skim milk dispersions
as function of shear stress for different concentrations of CM.
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Fig. 2 Relative viscosity as function of shear stress for concentrated skim milk dispersions. Symbols are
experimental data and /ines are the predictions from the viscosity model for microgel particles for samples: a
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For all physicochemical conditions studied, the rheological behavior of disper-
sions is highly dependent on the concentration of CM. For samples S1, it is
observed that at low concentrations (volume fractions of 0.557 and 0.639) viscos-
ity curves show the general shape for colloidal suspensions, that is, a low shear
Newtonian plateau followed by a shear thinning region that ends in a second
Newtonian plateau at high shear stress. At high concentrations (volume fractions
of 0.689, 0.723, and 0.758), the viscosity curves change in shape, showing a
divergence at low shear stress and a strong shear thinning behavior. The presence
of a yield stress indicates a three-dimensional structure that has sufficient strength
to prevent flow when the applied stress is very low. At high shear rates, the
hydrodynamic forces cause disruption of weaker bonds such as ionic and hydro-
gen bonds and the removal of hydration layers. Consequently, the structure
collapses suddenly, resulting in lower apparent viscosity that is not subsequently
strongly affected by shear (Bienvenue et al. 2003). It is relevant to note that pH
value of samples S1 (pH=6.2) resulted lower than the natural pH of milk as a
consequence of the concentration process (Bienvenue et al. 2003).

Samples S2 and S3 clearly show plastic behavior at the maximum volume
fraction analyzed. On lowering the pH, the surface potential of CM decreases and
the addition of salt screens charges. Both physicochemical changes lead to smaller
contribution of electrostatic and steric repulsion and, hence, dispersions exhibit
more fluid characteristics. Also, in the case of samples S3, pH value resulted
lower (pH=16.0) than the natural pH of milk as a consequence of the concentration
process and the salt addition (Bienvenue et al. 2003; Philippe et al. 2003).
Bienvenue et al. (2003) reported that concentration of milk causes an increase in
ionic strength and a decrease in pH. Philippe et al. (2003) stated that a decrease in
pH value after calcium addition to milk is related (i) to the formation of calcium
phosphate and calcium-citrate; (ii) to exchanges between added calcium and
micellar H'; and (iii) to the acidity of the added calcium solution. Full lines in
Fig. 2 represent the values obtained through the viscosity model for microgel
particles (Eq. 4). The fitted values of ¢,, ¢, 7,, and 7. are shown in Table 1.

ANOVA indicated that main factors, concentration and physicochemical conditions,
had significant effect on parameters, ¢,, ¢, and 7.. ANOVA of 7, values was not
carried out because only one treatment mean is available in samples S2 and S3. Also,
only 7. values for concentrations of 48, 50 and 52% w/w were statistically analyzed
because at concentrations of 40 and 45% w/w, 7. approaches kzT/a;” with no standard
deviation (Table 1).

It is observed that ¢, and ¢, increase as volume fraction of CM increases for all
conditions studied (Table 1). These results indicate that CM are soft spheres and that the
effective radius decreases due to the hydrodynamic forces exerted on the k-caseins
(Olivares et al. 2013). The effect of the applied changes in physicochemical condition on
each dispersion concentration is only observed at 40% w/w. Probably, at the lowest
concentration studied, CM are more freely to move than in the other concentrations and,;
thus, the effect of the physicochemical changes analyzed can be detected more easily.
These results suggest that CM have similar structure for the different physicochemical
conditions analyzed. Thus, it is inferred that the size of CM is also similar. A similar
behavior, though not so clear, is observed for ¢... It is probable that deformations at high
shear rates (highly perturbed system) do not allow detecting statistical differences.
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Table 1 Parameters obtained from the viscosity model for microgel particles applied to concentrated skim
milk dispersions

Condition Milk concentration (% w/w) 10} bo 038 Ty, (Pa) 7. (Pa)
S1 40 0.557 0.587° 0.661° - 11.35
45 0.639 0.650¢ 0.726% - 1135
48 0.689 0.687° 0.730¢ 6.52 162.83¢
50 0.723 0.719° 0.764 35.33 317.39¢
52 0.758 0.745" 0.807" 246.18 840.87
S2 40 0.557 0.633° 0.727%¢ - 11.35
45 0.639 0.659¢ 0.731¢ - 12.23
48 0.689 0.687° 0.747° - 14.98°
50 0.723 0.722% 0.768" - 86.35°
52 0.758 0.756' 0.787# 8.86 110.21%
S3 40 0.557 0.609° 0.701° - 1135
45 0.639 0.655¢ 0.718° - 12.76
48 0.689 0.694° 0.746° - 27.36°
50 0.723 0.723'¢ 0.767" - 70.60°
52 0.758 0.734%" 0.787¢ 147.88 161.88¢

Average values in the same column with different superscript letters are significantly different (P <0.05)

T. increases as the volume fraction of CM increases (dispersion concentration
increases), indicating that as distance between CM decreases, repulsive forces among
particles become important. 7, values of samples S1 were greater than the values for
samples S2 and S3 at the same dispersion concentration level, while different 7. values
were only observed at 48% w/w when samples S2 were compared with samples S3
(Table 1). These results show that both the decrease of pH and the addition of salt to
enrich milk drop off the dispersion stability (Tuinier and de Kruif 2002) in the same
way. This phenomenon is more clearly observed in the Fig. 3 where UykT as
function of % is presented. It is worth mentioning that values of Up/kgT obtained
through viscosity data are in the order of magnitude of those obtained through
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Fig. 3 Total interaction potential energy Ur normalized with the thermal energy kg T as function of surface to
surface distance h for CM in samples: (diamond) S1, (triangle) S2, (circle) S3
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theoretical predictions proposed by Tuinier and de Kruif (2002) and of those obtained by
applying the viscosity model to rheometric data reported in the literature (Olivares et al.
2013). A theoretical prediction of the interaction potentials between CM at the physi-
cochemical conditions settled in this study is rather complex. As it was discussed,
concentration process, salt addition, and solubilization of colloidal calcium phosphate
due to pH decrease change the equilibrium of ions between the serum phase and CM
interior. Therefore, brush and electrostatic contributions cannot be accurately obtained
by theoretical predictions. However, the values of U/kT can be obtained more easily
from rheometric tests.

Data analyzed show that interaction potential between CM is significantly reduced
in skim milk concentrates at low pH (acidified milks) or in skim milk concentrates with
addition of minerals (enriched milks). In fact, an energy barrier of around 10 kzT may
be easily overcome causing the aggregation. In addition, these results reveal the
sensitivity of flow curves to detect changes in the stability of concentrated skim milk
dispersions. Therefore, this rheometric test may be a good quality control tool of this
type of product.

Figure 4 shows frequency dependence of the elastic and loss moduli for concentrat-
ed skim milk dispersions at selected concentrations (45 and 52% w/w). All dispersions
of samples S1 and S3 and sample S2 at 52% w/w (¢=0.758) showed values of G’
higher than G"” without exhibiting crossing point and both increasing with increase in
frequency, indicating dominant elastic properties and weak gel character. The depen-
dence on frequency for dynamic moduli suggests the existence of relaxation phenom-
ena occurring even at short time scales, and the small difference between modulus
values indicates that a lower percentage of the stored energy is recovered (Lopes da
Silva and Rao 1999).

Sample S2 at 45% w/w (¢p=0.639) showed values of G” higher than G’ and the
proximity of a crossing point at the highest frequency evaluated. Moduli G’ and G” of
this dispersion did not scale as £ and 1", respectively, indicating that the dispersion
does not behave as a classical viscoelastic fluid at low frequencies (Macosko 1994) but
it is in a transition regime from liquid to gel (Bouchoux et al. 2009). As pH decreases,
colloidal calcium phosphate (CCP) is solubilized (Philippe et al. 2003). Therefore, in
skim milk concentrates, ionic strength increases due to both concentration process and
CCP solubilization. It is probable that the combined effect of neutralization of charges
and the increase of the ionic strength (which shields charges on the CM surface and
decreases the thickness of the double electrical layer) weakens repulsive electrostatic
and steric energy between CM and increases the movement between them.

It was also observed that samples S1, S2, and S3 at the highest evaluated
concentration showed similar viscoelastic behavior under oscillatory measure-
ments. Bouchoux et al. (2009) reported that CM are forced to deform and deswell
at ¢> 0.78. The authors stated that there are two possible sources of elastic
resistance to deformation: the resistance to deformation of the CM themselves
(due to the elasticity of their interfaces) and the resistance of nonpermanent bonds
between CM. Therefore, taking into account that in skim milk, CM are the main
contributors to the milk rheology (Bienvenue et al. 2003; Liu et al. 2012); our
results may suggest that the elastic resistance to deformation of CM is similar for
the different physicochemical conditions analyzed, reinforcing the idea that CM
have similar internal structure.
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Fig. 4 Frequency dependence of the elastic G’ (solid symbols) and loss G" moduli (open symbols) for
samples: a S1, b S2, and ¢ S3. CM volume fractions are ¢=0.639 (circles) and ¢ =0.758 (diamonds)

The apparent viscosity (7,pp) and complex viscosity (n*) of the concentrated skim
milk dispersions were plotted overlaid as function of shear rate () and angular
frequency (w), respectively (Fig. 5). All dispersions studied did not obey the Cox-
Merz rule due to higher n* values than those of 7,,,. The departures from the Cox-
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Fig. 5 Comparison of oscillatory and rotational shear viscosities (Cox-Merz rule) of concentrated skim milk
dispersions. (square) Oscillatory data, (circle) shear rate data. a, b, ¢ Skim milk dispersions at ¢ =0.758 of
samples S1, S2, and S3, respectively. d, e, f Skim milk dispersions at ¢ =0.639 of samples S1, S2, and S3,
respectively

Merz rule with magnitudes of n* greater than 7,,,, values have been reported to occur
due to structural decay caused by shear in rotational measurements. The applied strain
in small amplitude oscillatory shear is low but sufficient enough in steady shear to
break down the associations of structured systems (Gunasekaran and Ak 2003). As it is
observed in frequency sweep tests, samples S1, S2, and S3 showed similar behaviors at
52% wiw (¢=0.758), i.e., the structural decay is similar for the three physicochemical
conditions. These results suggest that when CM are densely packed, the physicochem-
ical changes do not significantly affect rheological behavior at low deformations.
However, sample S2 at 45% w/w (¢=0.639) showed a less pronounced structural
decay. In dispersions with highly repulsive particles, each single particle stays in the
minimum of the total potential energy generated by its nearest neighbor (Quemada and
Berli 2002). As a consequence, at low deformations, CM remain within a cage of
minimum energy and the macrostructure of the system is not affected. As pH decreases,
repulsive electrostatic and steric potential energy between CM decreases (Tuinier and
de Kruif 2002) and CM are more freely to move. Therefore, it is probable that the
structural decay caused by the steady shear be minor.

5 Conclusions

In this work, we explored the rheology of concentrated skim milk dispersions affected
by pH and calcium salt addition. It was observed that for all physicochemical condi-
tions studied, rheological behavior of dispersions is highly dependent on the concen-
tration of CM.

Steady state shear tests showed that at low concentrations, viscosity curves present
the general shape for colloidal suspensions, while at high concentrations, the viscosity
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curves change in shape, i.c., a divergence at low shear stress, a strong shear thinning
behavior, and yield stress were observed. Viscosity curves were adequately fitted with a
viscosity model for microgel particles. The results indicate that CM present a similar
structure in all samples. The decrease of pH and the addition of salt to enrich milk drop
off the dispersion stability. In spite of some of the assumptions used in the rheological
model, the results allow easily obtaining information related to the stability of concen-
trated skim milk dispersions.

Oscillatory dynamic tests showed that samples presented similar viscoelastic behav-
ior at the highest evaluated concentration (52% w/w, ¢=0.758), reinforcing the idea
that CM present a similar structure. At lower concentrations (45% w/w, ¢=0.639),
values of G” were higher than G’ in samples S2 (change in pH), indicating that the
dispersion is in a transition regime from liquid to gel, while G’ values were higher than
G" in samples S1 (control) and S3 (calcium addition), indicating dominant elastic
properties and weak gel character.

None of the dispersions studied obeyed the Cox-Merz rule, indicating the existence
of a structural arrangement that is destroyed by steady shear tests. The structural decay
is similar for the three physicochemical conditions at the highest evaluated concentra-
tion but at ¢=0.639, the structural decay in sample S2 is minor than in samples S1 and
S3. These results suggest that when CM are densely packed, the physicochemical
changes do not significantly affect rheological behavior at low deformations. But when
CM are not overlapped, as pH decreases repulsive electrostatic and steric potential
energy between CM decreases, they are more freely to move and, therefore, the
dispersion presents more fluid character and the structural decay caused by the steady
shear is minor.
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