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Abstract 
Apparent viscosity and frequency sweep (G’, G”) data for sodium caseinate dispersions with 
concentrations of approximately 18−40% w/w were obtained at 20°C; colloidal glass behavior 
was exhibited by dispersions with concentration ≥ 23% w/w. The G’−G” crossover seen in 
temperature scans between 60 and 5°C was thought to indicate gelation (low-temperature 
crossover). Temperature scans from 5 to 90°C revealed gradual decrease in G’, followed by 
plateau values. The gelation and end of softening temperatures of the dispersions increased 
with the concentration of sodium caseinate. From an Eldridge−Ferry plot, the enthalpy of 
softening was estimated to be 29.6 kJ mol−1. 
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Introduction 
The size range of colloidal (Brownian) particles is generally considered to be from about 1 nm 
to 1 µm (Russel and others 1989). In colloidal dispersions, Brownian motion promotes 
collisions between pairs of colloidal particles and interparticle forces determine whether or 
not two colliding particles aggregate. Very high viscosities and glassy states are found in high-
concentration dispersions of colloidal hard spheres, sodium caseinate, and the globular 
proteins: bovine serum albumin and β-lactoglobulin (Loveday and others 2007).  

Caseins make up about 80% of the protein in milk; they are used as emulsifiers, foaming 
agents, and thickening agents. The structures of caseins are not amenable to examination by 
X-ray crystallography or high-field nuclear magnetic resonance because they cannot be 
crystallized or have stable time-invariant three-dimensional structures at low pH. The two 
major caseins are αs1-casein and β-casein (approximately 35% each of the whole casein 
mixture). These two proteins behave slightly differently from one another and very differently 
from the well-known globular proteins, such as serum albumin, lysozyme, and the fibrous 
proteins that make up muscles, skin, etc. 

In milk, the casein is aggregated with calcium phosphate as casein micelles (mean size about 
300 nm). After the calcium phosphate is removed, the resulting sodium caseinate exists in 
solution mainly as a mixture of casein monomers and casein nanometer-scale particles (10–
20 nm); further, gels may be produced from dispersions of sodium caseinate by heating, 
acidification, and high-pressure processing (Dickinson 2006). In a mixed casein system such as 
sodium caseinate, different caseins interact with each other to form associated structures, 
which exist as a dynamic system of casein monomers, casein complexes, and aggregates 
(Lucey and others 2000). The average radius of gyration of caseinate aggregates has been 
shown to be in the range 22−48 nm, depending on the method of preparation; the aggregates 
have been shown to be not spherical but highly elongated structures. The extent of 
aggregation of sodium caseinate depends on the relative proportions of the different 
monomeric caseins and also on the temperature, pH, ionic strength, and calcium ion 
concentration (Dickinson 2006). 

Models for estimating the viscosity of concentrated dispersions of solids are based on the 
volume fraction (φ ) of the suspended solids and the relative viscosity of the dispersion, 

( )sr ηηη = , where η  is the viscosity of the dispersion and sη  is the viscosity of the 

continuous phase (Metzner 1985). At high concentrations of solids of uniform size, one widely 
used equation is that of Krieger and Dougherty (1959), which is based on the assumption that 
equilibrium exists between individual spherical particles and dumbbells that continuously 
form and dissociate: 
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Where ][η  and maxφ  are the intrinsic viscosity and the maximum packing fraction of solids, 

respectively. Theoretically, ][η  should be 2.5 for rigid spheres and maxφ  should be about 

0.62−0.65 for spheres of uniform diameter (Krieger 1985). For polydisperse spherical particles 
in Newtonian fluids, φmax is higher because small particles may occupy the space between the 
larger particles. During flow, they act as a lubricant for the flow of the larger particles, thereby 
reducing the overall viscosity (Servais and others 2002); for a given particle concentration (φ), 
the viscosity decreases with increasing polydispersity (particle size distribution width).  
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Small-amplitude oscillatory tests can be used to study the viscoelastic properties of 
dispersions. The dependence of the storage modulus, G’, and the loss modulus, G”, on the 
oscillatory frequency (ω) in the linear viscoelastic region is one set of useful information. If G” 
> G’, the material is behaving predominantly as a viscous liquid. However, if G’ > G”, the 
material is behaving predominantly as a solid. Mason and Weitz (1995) reported that, as the 
volume fraction of colloidal silica hard spheres (radius a = 0.21 µm) approached that of the 
glass transition, G’ became larger than G”. Thus, the dynamic rheological data for the 
dispersions were strongly modified to solid-like behavior as φ approached φG.  

Gelation and softening/melting temperatures are often determined from the crossing of G’ 
and G” during temperature sweep experiments; however, the so-defined transition 
temperatures or gelation times depend on the chosen frequency (Rao 2007). Using 
temperature sweep data at 0.1 Hz, heating-induced gelation and thermo-reversibility of the 
gels were demonstrated for sodium-caseinate-based oil-in-water emulsions containing a 
controlled amount of added ionic calcium (15–30 mM) (Dickinson and Casanova 1999). Carr 
and Munro (2004) studied the phenomenon of gelation by the cooling of 14% w/w sodium 
caseinate solutions at different ionic strengths; they determined the gel−sol transition 
temperatures at 1 Hz. This phenomenon may be attributed to the increased relative 
contribution of attractive interchain interactions (especially hydrogen bonding) at lower 
temperatures (Dickinson and Casanova 1999).  

In a mixed casein system, such as sodium caseinate variable degrees of de-mixing at the sub-
micellar level and improvement in co-mixing with concentration can be expected (Farrer and 
Lips 1999). An important property of the hydrophobic effect is entropy driven de-mixing. Guo 
and others (1996) reported that the relative hydrophobicity and the viscosity of a 6% sodium 
caseinate dispersion decreased on heating at 132°C due to the changes in structure of the 
protein. Therefore, the hydrophobic effect plays an important role in the rheological behavior 
of sodium caseinate dispersions when the concentration and temperature are changed. 

Zhou and Mulvaney (1998) reported complex modulus, G*, vs. temperature (5-70°C) profiles, 
during heating rennet casein-water-milk fat dispersions; their concentrations were reported 
as ratios (e.g., casein to water). Farrer and Lips (1999) measured the osmotic pressure, p, of 
sodium caseinate dispersions as a function of concentration (C) and temperature. Their data 
showed a temperature-independent scaling p ~ C3.25 for C > 10% w/v. They suggested a 
demarcation into two separate regimes: below close packing and above close packing. The 
first regime is expected to be sensitive to attractive interactions between sub-micelles and 
the second is expected to be dominated by repulsive forces of micellar 
crowding/interpenetration. They obtained zero-shear viscosity data on dispersions of sodium 
caseinate (pH 6.8, 0.1 M NaCl) over a range of concentrations from about 3 to 28% w/v. It was 
suggested that the experimental concentration versus relative viscosity data can be attributed 
to caseinate particle aggregation below close packing and to a rheological and ‘soft particle’ 
response of the sub-micelles above close packing. At high C, the scaling was apparently ηr ~ 
C12 and the concentrated sodium caseinate dispersions showed the viscoelastic behavior of 
entanglement polymer systems. 

From light scattering measurements on dilute solutions, up to about 5%, HadjSadok and 
others (2008) noted that sodium caseinate associates into small well-defined aggregates with 
an aggregation number that depended on the temperature, pH, and ionic strength. Small-
angle X-ray scattering data on sodium caseinate dispersions with NaCl concentrations 
between 0 and 250 mM showed that, at a relatively low concentration (C = 10 g.L−1), the 
effect of interaction between the caseinate particles was weak, whereas, at a high 
concentration (C = 120 g.L−1), the particles were close packed; the distance between the 
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caseinate particles was found to be about 20 nm, consistent with a solution of close-packed 
caseinate particles (Pitkowski and others 2008). They suggested that perhaps star-shaped 
aggregates were formed with a hydrophobic centre and a hydrophilic (charged) corona. The 
same authors interpreted the effect of the temperature on the concentration dependence of 
the zero-shear viscosity, η0, in terms of an effective volume fraction of the caseinate 
aggregates that increased with decreasing temperature. The relaxation process was 
characterized by a broad distribution of relaxation times and slowed down rapidly with 
increasing effective volume fraction, i.e., increasing concentration or decreasing temperature. 
It was also noted that the sodium caseinate particles are soft, partially draining, charged, and 
have polydisperse size distribution (Pitkowski and others 2008). 

The objectives of this study were to examine the rheological behavior of colloidal glass 
dispersions of sodium caseinate: (1) to obtain apparent viscosity versus concentration data 
and to test the applicability of the Krieger−Dougherty model, (2) to examine G’ and G” from 
frequency sweep data to determine the concentration at which solid-like behavior is first seen 
as well as the behavior at higher concentrations, and (3) to determine the gelation and 
softening temperatures from the G’−G” during the cooling and heating of the dispersions, 
respectively. It should be noted that dispersions of high concentrations, previously not 
examined, were studied in this work. 

 

Materials and Methods 
The procedure used in this work to prepare sodium caseinate dispersions in the concentration 
range 18−40% w/w was adapted from the method developed by Davies and others (1969) to 
adjust the moisture content of flour. The buffer, 25mM phosphate, pH 6.8, and 70mM NaCl, 
was added drop wise to boiling liquid nitrogen in a ceramic mortar and, once frozen, was 
ground to a fine powder with a ceramic pestle. Frozen powdered buffer was weighed into a 
precooled metal container and the required mass of sodium caseinate powder was added, 
followed by sufficient liquid nitrogen to suspend and mix the two powders. When the liquid 
nitrogen had boiled off, the mixture was transferred to 1.5 mL plastic tubes and allowed to 
thaw and hydrate at 4°C overnight. Immediately prior to rheological measurements, the 
sodium caseinate dispersions were heated to 60°C in a water bath and then centrifuged for 
10 min at 14,000 g to remove air. The actual concentration of sodium caseinate in each 
sample was determined after heating the sample at 108°C for 1−2 days. 

Steady shear and dynamic rheological data were obtained at 20°C with a Paar Physica 
MRC301 rheometer using cone and plate geometries; a 40 mm diameter cone was used at 
lower concentrations and a 10 mm diameter cone was used at higher concentrations. It took 
a long time to get data at very low shear rates with the rheometer. Therefore, to avoid 
dehydration of samples, lower shear rates used were not below 0.5s-1 or 0.2s-1 in some cases. 
With the high concentration dispersions, often, at shear rates greater than about 10 s-1, the 
Weissenberg (“rod climbing”) effect was encountered resulting in the flow of the sample out 
of the cone-plate geometry. However, there were few problems obtaining frequency sweep 
data that were important in order to examine solid-like behavior and colloidal glass transition 
of the dispersions. Zero-shear viscosities were obtained by fitting the Cross model to the 
apparent viscosity−shear rate data (Figure 1). It is noted that the values given by the Cross 
model have been found to be reliable for several food polymer dispersions (Rao 2007, 
Chapter 4). 
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In separate experiments, cooling, 60−5°C, and heating, 5−90°C, triplicate scans were 
performed at 3% strain, using the 10 mm diameter cone−plate geometry; a fixed rate of 
cooling and heating, 2.5°C.min−1, was used. The values of G’, G”, and temperature that were 
recorded were used to estimate the gelation and softening temperatures. To ascertain if wall 
slip affected the magnitudes of G’ and G’’, data were obtained with a serrated plate system; 
however, the modulus-temperature profiles were similar to those obtained using the 
standard measuring systems. 

 

Results and Discussion 
Zero-shear viscosities 
The modified Cross model (Equation 2), in which the infinite shear viscosity, ∞η , was 
neglected, was used to fit the apparent viscosity versus shear rate data and to obtain values 
of the zero-shear viscosity: 

 ( )m
c

a
γα

η
η

+
=

1
0  (2) 

Where, cα  is a time constant related to the relaxation time of the polymer in solution and m 

is a dimensionless exponent. Because the magnitude of ∞η  of a food polymer dispersion with 

a concentration of practical interest is usually very low, ∞η  can often be neglected (Rao 
2007).  

In Figure 1, apparent viscosity versus shear rate data for several sodium caseinate dispersions 
and the Cross model fits to the data are shown. It can be seen that the sodium caseinate 
concentration had a marked effect on the apparent viscosity; at the higher concentrations, at 
shear rates higher than the zero-shear viscosity range, the dispersions exhibited marked 
shear-thinning behavior. The Cross model fitted the data well and, as noted later, values of 
the relative viscosity followed the trend of the data of Farrer and Lips (1999). Nevertheless, it 
is recognized that limiting viscosity data at low shear rates were not available at high 
concentrations. The estimated values of the zero-shear viscosities and, in parentheses, their 
standard errors were: 15%, 1.28 Pa s (0.02); 20.0%, 73.0 Pa s (0.54); 25.0%, 7.29 kPa s (137); 
29.0%, 25.9 kPa s (843), and 31.6%, 39.2 kPa s (1692). 

Farrer and Lips (1999) obtained zero-shear viscosity data for dispersions of sodium caseinate 
(pH 6.8, 0.1 M NaCl) over a range of concentrations from about 3 to 28% w/v. The 
corresponding values of relative viscosity were calculated using solvent viscosity = 1 mPa s. 
Panouille and others (2005) obtained zero-shear viscosity data for dispersions of 
phosphocaseinate (pH 6.0, polyphosphate 2% w/v); the phosphocaseinate was obtained after 
the colloidal calcium phosphate had been removed from the casein micelles. The relative 
viscosities of the phosphocaseinate dispersions were higher than those of the sodium 
caseinate dispersions (Farrer and Lips 1999). An empirical model, based on concentration, C, 
(instead of volume fraction) was used to fit the viscosity data of the phosphocaseinate 
dispersions up to a concentration of approximately 10% w/v: 

2
1

−









−=

c
r C

Cη  (3) 
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Our viscosity data are shown along with those of Farrer and Lips (1999) and those based on 
Panouille and others (2005) in Figure 2. It can be seen that the relative viscosity increases 
gradually with concentration up to about 10% and then steeply at higher concentrations 
(Figure 2). Pitkowski and others (2008) noted that this behavior was also found in multi-arm 
star polymers and polymeric micelles. Our high-end sodium caseinate dispersions were of 
higher concentration than in previous studies (Farrer and Lips 1999; Panouille and others 
2005) and our viscosity data were in good agreement with the extrapolated data of Farrer 
and Lips (1999). The dashed line in Figure 2 represents relative viscosity values of the 
phosphocaseinate dispersions predicted by the empirical model (Equation 3). 

Also shown in Figure 2 (solid line) are values of relative viscosity predicted by the 
Krieger−Dougherty model with [η] = 2.5 and φmax = 0.65. It is interesting to note that the 
values predicted by the model were lower than the data up to a concentration of about 14% 
w/w, but increased more steeply than the data at higher concentrations. Because of 
uncertainties in the determination of the sodium caseinate particle volume fraction, the 
polydispersity of the particles, and their softness, the Krieger−Dougherty rheological model 
developed for hard-sphere dispersions predicted the trends accurately but not the absolute 
values of viscosity.  

Frequency sweep rheological data 
In Figure 3, we show our frequency sweep data obtained in the linear viscoelastic range. We 
note that the concentrated Na-caseinate dispersions showed the viscoelastic behavior of 
entanglement polymer systems, as opposed to gel systems, previously noted by Farrer and 
Lips (1999). With an increase in the sodium caseinate concentration, the trend in the 
frequency sweep data was for values of G’ to be greater than those of G” over an increasing 
range of shear: at 23% w/w, values of G’ were greater than those of G” for ω > 2 rad s−1; at 
31.6% w/w, G’ > G’’ for ω > 0.3 rad s−1; at 40.1% w/w, G’ > G’’ over the entire range of 
frequency. Thus, sodium caseinate dispersions with concentrations ≥ 23% w/w exhibited 
colloidal glass behavior; as the concentration of sodium caseinate was increased, the 
dispersions exhibited increasing solid-like behavior and the dispersions with concentrations 
greater than 40.1% w/w exhibited solid-like rheological behavior over the entire range of 
oscillatory frequencies.  

Cooling and heating scans, and gelation and melting temperatures 
Cooling and heating scans were performed at 1.0 Hz on sodium caseinate dispersions with 
concentrations between 18.1 and 41.9% w/w; the cooling scans between 60 and 5°C were 
conducted first, followed by the heating scans between 5 and 90°C. The magnitudes of G’ and 
G” during the cooling and heating scans were plotted and the gelation, point A, and softening, 
point B, temperatures, were determined. For clarity of illustration, only every fifth point 
recorded for a 33.8% w/w sodium caseinate dispersion is shown in Figure 4. The average 
gelation temperatures of the sodium caseinate dispersions and their standard deviations, 
from three replicates at each concentration, are shown in Figure 5. The increase in gelation 
temperature with concentration was found to be linear (Figure 5). The gel formation on 
cooling may be attributed to the increased relative contribution of attractive interchain 
interactions (especially hydrogen bonding) at lower temperatures (Dickinson and Casanova 
1999). 

In the heating scans, values of G’ of each dispersion decreased continuously with increase in 
temperature followed by a transition to a plateau region (Figure 4). The two likely 
phenomena noted earlier, decrease in effective volume fraction (Pitkowski and others 2008) 
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and hydrophobicity of sodium caseinate (Guo and others 1996), may be ascribed to the 
continuous decrease in G’ of the dispersions with increase in temperature. The G* vs. 
temperature profiles of Zhou and Mulvaney (1998) during heating casein-water-milk fat 
dispersions were similar to that in Figure 4; they referred to three zones as: rubbery solid, 
transition, and melt regions. The decrease in G* was attributed to loss of physical cross links 
in the caseinate matrix. However, with values of G’ being lower than those of G’’ once the 
temperature was higher than the gel temperature (Figure 4), it would not be appropriate to 
characterize a G’-G’’ cross-over as melting phenomenon. Aggregation of sodium caseinate 
and precipitation were reported on heating dilute solutions of sodium caseinate (HadjSadok 
and others 2008). However, Pitkowski and others (2008), from the same laboratory, did not 
report precipitation in a 20% sodium caseinate dispersion heated to 90°C. Our G’-
temperature profiles reflect a viscoelastic material whose elasticity (magnitude of G’) 
decreased continuously as the temperature was increased, probably due to the loss of 
physical cross links in the caseinate matrix until attaining plateau values. 

The plateaus in the values of G’ also seem to be likely due to the dispersions reaching either a 
nearly constant value of volume fraction of sodium caseinate aggregates or hydrophobicity. 
Based on a number of data points in the plateau region, n, the average plateau values of G’ 
and their standard deviations, SD, were calculated: 31.3 Pa (n=32, SD=1.23), 31.3 Pa (n=25, 
SD=1.56), 32.4 Pa (n=13, SD=1.61), and 41.4 Pa (n=13, SD=3.6) for the sodium caseinate 
dispersions with concentrations 18.1, 22.0, 33.8, and 41.9% w/w, respectively.  

Considering that the decrease in G’ reflected softening phenomenon, the temperatures at 
which the continuous decrease in G’ ended and the transition to the plateau region began 
were designated as softening temperatures (Tsoft); further, their magnitudes were estimated 
from the intersection (not shown here) of the linear regions of the continuously decreasing 
and the plateau segments on plots of log G’ vs. temperature plots. The average values of Tsoft, 
also shown in Figure 5, increased with increase in the concentration of sodium caseinate, 
likely due to improvement of co-mixing with concentration (Farrer and Lips 1999). 

Values of G’’ were nearly the same in magnitudes as those recorded during the cooling scans 
(for example, see Figure 4). It is noted that values of G’’, which reflect viscous dissipation, 
should be relatively unaffected by the volume fraction of sodium caseinate aggregates. The 
continuous decrease in the values of G’’ with increase in temperature was likely due to 
decrease in hydrophobicity of sodium caseinate (Guo and others 1996). Unlike values of G’, 
those of G’’ did not exhibit plateau values likely due to the negligible influence of the volume 
fraction of sodium caseinate aggregates. 

 

Barreto and others (2003) reported that the effect of temperature, over the range 17°C to 
30°C, on the Newtonian viscosity (η) of sodium caseinate dispersions with concentrations 10.5 
to 13.0% (w/w) followed the Arrhenius equation: 

∞ exp (Ea/RT)      (4) 

 

Where, η is the viscosity, η∞ is the infinite-temperature viscosity, Ea, is the activation energy 
of flow, R is the gas constant, and T is the absolute temperature. However, as illustrated for 
the complex viscosity data obtained during cooling and heating scans on the 18.1 and 41.9% 
w/w dispersions (Figure 6), the Arrhenius relationship was not applicable for data over a wide 
range of temperatures. It should be noted that the limited applicability of the Arrhenius 
equation has also been reported for several foods (Chapter 3, Rao 2007). Pitkowski and 
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others (2008) also reported a similar observation for a 20% sodium caseinate dispersion over 
the range 5-90°C. They suggested that the decrease in viscosity with temperature was due to 
a decrease in the effective volume fraction, less than 40% between 10 and 90°C, of sodium 
caseinate aggregates with increase in temperature; the decrease in the effective volume 
fraction with increasing temperature was caused by a reduction in the repulsive interaction 
between the aggregates. We note that the decrease in viscosity with temperature may have 
been also due to a concomitant decrease in hydrophobicity of the dispersions.  

 

Eldridge and Ferry (1954) studied the relationship between the melting temperature ( )mT  

and the concentration (C) and molecular weight (M) of gelatin gels. They found linear 
relationships between ln (C) and mT1 , and between ln (M) and mT . Assuming an equilibrium 

binary association of polymer chains and using the van't Hoff law, they suggested the 
following relationship from which it is possible to calculate the enthalpy ( )mH∆  of the 

crosslinks and to get some information about the stability of the junction zones.  

 
2
m

MWm RT

H
  

dT
C  d ∆

=







−

ln
 (4) 

This approach was satisfactorily applied to other biopolymer gelled systems, including 
agarose, high-methoxyl pectin/dimethyl sulfoxide gels, κ -carrageenan, and low-methoxyl 
pectin/  and low-methoxyl pectin/ /sucrose systems (p. 373, Rao 2007).  

While the rheological data on the sodium caseinate dispersions did not exhibit G’-G’’ 
crossover melting temperatures, they underwent softening, so that the enthalpy of their 
cross links can be determined from an Eldridge- Ferry plot based on the softening 
temperature. Figure 7 is a plot of ln (sodium caseinate concentration, %) vs. softT1 of the 

sodium caseinate dispersions. From the slope of the straight line, the enthalpy of melting was 
determined to be 29.6 kJ.mol−1. We note that this value is much lower than that of gelatin 
gels, 205−305 kJ.mol−1 (Rao 2007, p. 373), but higher than the values reported for gels of 
whey protein isolate, dialyzed against EDTA, pH 8.0, 10.25−10.75%, aged for 17 and 65 h: 2.94 
and 3.59 kJ.mol−1, respectively (Rector and others 1989). It is also noted that Rector and 
others (1989) used displacement of a metal sphere to detect melting temperatures. 

 

Conclusions 
Sodium caseinate dispersions with concentrations of approximately 23−40% w/w exhibited 
high values of viscosity and solid-like behavior, characteristic of the colloidal glassy state. The 
apparent viscosities of the dispersions were in line with those of Farrer and Lips (1999). 
Because of uncertainty in the determination of the sodium caseinate particle volume fraction, 
the polydispersity and non-spherical shape of the particles, and their softness, the 
Krieger−Dougherty rheological model developed for hard-sphere dispersions did not predict 
accurately the absolute values of viscosity. Gelation and softening temperatures were 
estimated from G’ and G” data obtained from cooling and heating scans; the temperatures 
increased linearly with the concentration of sodium caseinate. From an Eldridge−Ferry plot of 
the softening temperature data, the enthalpy of softening was estimated to be 29.6 kJ.mol−1. 

 

Ca2+ Ca2+
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Nomenclature 
a particle radius, m 

C concentration, kg.m−3 

G’ elastic or storage modulus, Pa 

G” loss modulus, Pa 

G* complex modulus,  

m  dimensionless exponent, - 

p  osmotic pressure, Pa 

R gas constant, J mol-1 K-1 

T temperature, °C, K 

Tm melting temperature, °C, K 

Tsoft softening temperature, °C, K 

cα  time constant, s 

mH∆  enthalpy of melting, kJ mol−1 

γ  shear rate, s−1 

η  viscosity of a dispersion, Pa s 

][η  constant in the Krieger−Dougherty equation, − 

η0 zero-shear viscosity, Pa s 

η∞ infinite shear viscosity, Pa s 

ηr relative viscosity, − 

sη  viscosity of continuous phase, Pa s 

η* complex viscosity, G*/ω, Pa s 

φ  volume fraction of dispersed phase, − 

φG volume fraction at beginning of glassy state, − 

maxφ  maximum volume fraction of dispersed phase, − 

ω oscillatory frequency, rad s-1 
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Figure 1 − Apparent viscosity versus shear rate data for several sodium caseinate dispersions; 
lines are Cross model fits 
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Figure 2 − Relative viscosity versus concentration. Data: open symbols, Farrer and Lips (1999); 
filled symbols, this work. Dashed line: estimated data of Panouille and others (2005). Solid 
line: Krieger−Dougherty model for hard spheres 
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Figure 3 − G’ (filled symbols) and G” (open symbols) versus frequency (ω) for sodium 
caseinate dispersions. At 20% w/w, values of G’ were lower than those of G” at all values of 
ω; at 23% w/w, values of G’ were greater than those of G” for ω > 2 rad s−1; at 31.6% w/w, G’ 
> G” for ω > 0.3 rad s−1; at 40.1% w/w, G’ > G” over the entire range of frequency 
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Figure 4 − Temperature sweep data for a 33.8% w/w sodium caseinate dispersion; the 
gelation (A) and softening (B) points are shown; for clarity, only every fifth point is shown 
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Figure 5 − Gelation and softening temperatures of sodium caseinate dispersions 
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Figure 6 − Arrhenius plot to examine applicability of the Arrhenius model to the complex 
viscosity data of 18.1% and 41.9 % sodium caseinate dispersions. The filled symbols indicate 
the range of data over which the Arrhenius model was applicable. 
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Figure 7 − Eldridge−Ferry plot to determine the enthalpy of softening of sodium caseinate 
dispersions. 
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