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Abstract 

Cruijsen, J.M.M. (1996) Physical Stability of Caseinate Stabilized Emulsions 
During Heating. Ph.D. thesis, Wageningen Agricultural University (126 pp., 
English and Dutch summaries). 

Keywords: Emulsions, caseinates, malto-dextrins, heat treatment, heat coagulation, 
phase separation, coalescence, lecithins, phospholipids 

The physical stability of caseinate stabilized emulsions was studied during heating (80-
120°C). Coagulation, coalescence and phase separation of the caseinate emulsions was 
studied using objective heat stability tests. The physical changes were characterized 
by light microscopy, particle size measurements and by determination of the solubility 
of coagula in various reagents. Additional information about physico-chemical changes 
in caseinate dispersions was obtained by determination of association of salts with 
caseinates, association of caseins with emulsion droplets, 'H-NMR, 31P-NMR and 
SDS-Page. 

The susceptibility towards heat coagulation of caseinate emulsions was mainly 
determined by volume fraction of oil, decrease of pH during heating and initial Ca2+-
activity. The heat coagulation time could be related to association of calcium and 
magnesium and caseinate and to association of caseinate and emulsion droplets. 
Association of calcium and magnesium and caseinate in these conditions would 
diminish electrostatic repulsion between caseinate molecules, which would lead to 
aggregation of the caseinate. It was shown that the formation of chemical cross-links 
is not rate determining in heat coagulation. 

During heating of caseinate emulsions containing malto-dextrins or a lactose/sucrose 
mixture, phase droplets were formed. The appearance of these phase droplets was 
accompanied by multi-layer formation of caseinate on the oil-droplets and a decreased 
stability to heating, often resulting in a highly viscous mass. Phase separation could 
be prevented in several ways; by using phosphates as stabilizing salt, by using malto-
dextrins or glucose syrups with relatively high DE values or by using soya lecithin. 
The effect of lecithin was only found when lecithin was added prior to 
homogenization. It appeared that the association of caseinate in solution or with the 
emulsion droplet was modified and thereby prevented phase separation. 

Although soya lecithin proved to be a very effective stabilizer, coalescence of the 
emulsion droplets could be observed when the concentration exceeded a certain value 
or when the phosphatidylcholine fraction of soya lecithin was used. The lecithins 
affected the coalescence behaviour, presumably by lowering the interfacial tension and 
lowering the caseinate surface load, and possibly by changing the structure of the 
caseinate layer on the emulsion droplets. 
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Chapter 1 

Physical Stability of Caseinate Emulsions: Introduction 

1.1 Introduction 

Emulsions for dietetic use are complex food products, physically consisting of oil-
globules dispersed in a serum phase. The oil globules are covered by a protein layer 
(e.g. caseinate, whey proteins, soya proteins). The serum phase may contain sugars 
(mostly malto-dextrins or glucose syrups), proteins, salts and minor components like 
vitamins and trace elements. These food products can be preserved in liquid (ready for 
use) form when heat sterilized by conventional sterilization or by UHT-treatment. The 
process steps during manufacturing also include homogenization, by which the oil-
droplets are reduced to such a size that creaming is prevented, thereby extending shelf-
life. Product composition and processing conditions are important factors affecting 
stability of caseinate emulsions during heat treatment and storage (McDermott, 1987; 
Fligner et al., 1990; Rowley & Richardson, 1985). 

The major problems in the production of caseinate stabilized dietetic food products 
are coagulation or coalescence of emulsion droplets during the sterilization process and 
formation of a gel or sediment directiy afterwards. Heating sodium-caseinate solutions 
at sterilization temperature (120°C) causes little changes (Guo et al., 1989), but if 
sugars like lactose or salts were present caseinate aggregated during heating (de 
Koning, 1982; Zittle, 1969b). Stability of the emulsions is primarily due to the 
adsorbed caseinate layer at the oil-water interface. It is therefore in particular 
necessary to understand the properties of the adsorbed caseinate layer in these complex 
systems and the relationship to the overall stability (Darling, 1982; Dalgleish, 1989; 
Mulvihill & Murphy, 1991; van Boekel & Walstra, 1995). 

This chapter attempts to provide a survey on physical stability of emulsions with 
emphasis on caseinate systems. First, it describes formation of the emulsions and 
composition and properties of the surface layers. Second it describes the types of 
interactions which determine the stability of protein-stabilized emulsions or dispersions 
against aggregation, precipitation, or coalescence of the droplets. Finally phase 
behaviour and physico-chemical changes that occur in caseinate systems in different 
conditions and during heat treatment will be indicated. 

A full review on these subjects is beyond the scope of this thesis. Physical 
background information relevant to dairy systems can be found in books by Mulder 
& Walstra (1974) and Walstra & Jenness (1984). Issues on stability of food colloids 
are discussed in Dickinson (1986); Walstra (1987a) and Walstra (1993b). Aspects of 
phase behaviour of mixtures of proteins and polysaccharides are treated by 
Tolstoguzov (1991) and Picullel et al. (1994). 
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1.2 Emulsion formation 

A comprehensive review on the formation of emulsions has been given by Walstra 
(1993a). Only a very brief summary will be presented here. Emulsions can be formed 
when one liquid is dispersed in another by supplying external energy, as the free 
energy of an emulsion is higher than that of the separate liquid phases. During 
emulsification, droplets are deformed and possibly broken up. Simultaneously 
surfactant is adsorbed onto newly formed droplets. The role of surfactant is of great 
importance during and after emulsification. The surfactant lowers the interfacial 
tension, thereby facilitating or simplifying emulsion droplet break-up. 
When a protein is adsorbed at an oil-water interface the protein-molecule is folded in 
such a way that the free energy is minimized (Phillips, 1981). The hydrophobic parts 
of the proteins tend to adopt a position in the oil phase, whereas hydrophillic parts are 
in a lower energy state in the aqueous phase (Figure 1.1). 

The surfactant is also responsible for preventing recoalescence during emulsification 
via the Gibbs-Marangoni mechanism. Initially, newly formed droplets are 
insufficiently covered with surfactant, especially where the film between approaching 
droplets is thinnest. The uneven distribution of surfactant gives an interfacial tension 
gradient which causes surfactant in the interface to move in the direction of the highest 
tension. Movement of surfactant will drag liquid along the surface, which will keep 
droplets apart and stabilize them during emulsification (Walstra, 1993a). 
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Figure 1.1 Schematic representation ofnonpolar (O) polar (%) and neutral (®) 
residues of protein. 
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1.3 Caseinate at the interface 

All proteins tend to adsorb at oil-water interfaces. Most food proteins including 
caseins have disordered random coil-like structures in solutions and at the interface. 
This is in contrast to the compact rigid globular proteins which show structural 
alteration when they adsorb, but remain compact. In any particular situation the 
conformation of the protein will depend on type, state of aggregation and the ratio of 
protein concentration and total interfacial area. This will certainly apply to (sodium) 
caseinate, which is a partially aggregated mixture of the four individual caseins asl-, 
as2-, K- and 13- in proportions 4:1:1:4 by weight (Phillips, 1981; Walstra, 1987; 
Dickinson, 1989b; Dalgleish, 1995). 

The properties of individual caseins in the surface layer of emulsions can be 
different from those in whole caseinate. Robson & Dalgleish (1987) found that all 
caseins were present at the interface, but the hydrophobic |3-casein in somewhat larger 
proportions. Other experiments have shown that the two major caseins asl- and |8-
casein will displace each other fairly rapidly. Presence of individual caseins at the 
interface and exchange of them at the interface and with the caseins in the serum will 
depend on intermolecular interactions between the caseins. Possible interactions are 
calcium bridging, hydrophobic binding and disulfide bridging, the last one via 
cysteinyl residues on as2- and /c-casein. Conditions such as pH, ionic strength and the 
way the emulsion droplet membrane is formed will therefore largely determine the 
composition of the surface layer (Robson & Dalgleish, 1987; Dickinson, 1989; 
Dalgleish, 1993) 

When a protein molecule like j8-casein covers a surface in an unfolded conformation, 
the surface load T will be about 1 mg/m2; below this value no stable emulsion can be 
made (Phillips, 1981; Fang & Dalgleish, 1993a). Only a fraction of the protein will 
be in direct contact with the interface (Figure 1.1). A part of the molecules protrude 
into the serum phase or into the oil. As a consequence, the interfacial protein 
membrane of unfolded protein molecules, but also of folded protein molecules like 
globular proteins, will be much thicker than the diameter of a protein chain. Two 
layers can be discerned for |3-casein adsorbed at an oil-water interface: a dense inner 
layer with a thickness of about 2 nm, and a diffuse outer layer with a thickness of 5-7 
nm, as could be concluded from neutron reflectivity measurements (Dickinson et al., 
1993b; Home & Leaver, 1995). These results are in reasonable accordance with 
measurements on adsorption of caseins and subsequent measurement of layer thickness 
after hydrolysis of these layers (Dalgleish, 1993). Mixtures of individual caseins or 
caseinate in oil-in-water emulsions showed that the thickness of a asl-casein layer was 
about 5 nm while the thickness of a /3-casein layer was about 11 nm. The layer 
thickness of mixtures of individual caseins was variable and layer thickness of whole 
caseinate at the lowest adsorption of T = 1 mg/m2 was about 5 nm while the thickness 
was about 10 nm at the maximum coverage of T= 3 mg/m2 (Dalgleish, 1993; Fang 
& Dalgleish, 1993a). Any further adsorption is probably induced through molecular 
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interactions between caseins, such as electrostatic or hydrophobic forces. Adsorption 
isotherms of aggregates or mixtures of proteins can show surface loads Y > 5-10 
mg/m2. For example, in homogenized milk the surface load T is about 10 mg/m2 

(Oortwijn & Walstra, 1979). 

1.4 Caseinate stabilized emulsions containing low molecular weight surfactants. 

Adsorption of caseinate in the presence of low molecular weight surfactants may have 
important implications for emulsion droplet interactions and therefore for emulsion 
stability. Composition and thickness of the adsorbed layer around emulsion droplets 
depend on the nature, the concentration and the interactions between the surfactants. 
In this section some relevant experimental information on competitive adsorption of 
natural surfactants such as mono-, diglycerides or phospholipids used in dietetic 
products is discussed (Fligner et al., 1990; Fang & Dalgleish, 1993b; Dickinson, 
1993). 

Low-molecular weight surfactants, such as monoglycerides and lecithins give in 
general a lower surface tension than proteins, so they will penetrate or even displace 
adsorbed protein. It is therefore likely that a low-molecular weight surfactant is 
directly associated with the emulsion droplet and that protein is adsorbed on top of the 
surfactant or only partly associated with the droplet. In this way a mixed 
protein/surfactant surface layer is formed. The surfactant-protein ratio will probably 
affect surface layer composition. Fang and Dalgleish (1993b) suggest that at low bulk 
protein concentration the adsorption free energy per protein segment is lowered more 
than for low molecular weight surfactants. At high protein concentration the opposite 
seems valid (Bergenstahl, 1988; Fang & Dalgleish, 1993b). 

The stability with respect to creaming in cream liqueurs (30 g/kg sodium caseinate, 
200 g/kg milk fat; 140 g/kg ethanol) was enhanced on addition of glycerol 
monostearate (GMS) or sodium stearyl lactylate (SSL). It was found that the caseinate 
at the surface was partly displaced above 1 % GMO, GMS or SSL and complexes 
were probably formed between caseinate and the surfactant (Dickinson et al., 1989; 
Heertje et al., 1990). Displacement of proteins by GMO, GMS or Tween 20 was also 
found in /3-casein emulsions (Dickinson et al., 1993a) or recombined milk (Oortwijn 
& Walstra, 1979). 

Fang & Dalgleish (1993b) studied the adsorption of egg-yolk lecithin in sodium 
caseinate emulsions containing 200 g oil/kg. The stability of the emulsion and 
structure of the adsorbed layer was affected by the presence of lecithin. They found 
that lecithin enhanced the stability towards aggregation and coalescence at low casein 
surface coverage T < 1 mg/m2. It was found that the amount of caseinate adsorbed 
onto the droplets was a function of lecithin concentration (Courthaudon et al., 1991; 
Fang & Dalgleish, 1993b). When less than 10 percent of the surface area was 
occupied with lecithin at a concentration of 0.5 g/kg, no effect of the lecithin on 



Physical Stability of Caseinate Emulsions: Introduction 

casein layer thickness could be detected. At relatively high level of lecithin (2-5 g/kg) 
and rather low casein concentration (< 10 g/kg), casein layer thickness increased. At 
comparable lecithin contents but at high caseinate concentration (>10 g/kg) the 
thickness decreased. Results on casein load measurements by a depletion method were 
in agreement with these trends from layer thickness measurements (Fang & Dalgleish, 
1993b). 

Summarizing, studies of addition of surfactants showed a considerable variation in 
effect on surface layer structure and stability. This effect predominantly depended on 
the type of surfactant and especially caseinate and surfactant concentration and their 
ratio. This variation probably arose from differences in association of the surfactant 
with the caseinate and with the interface. 

1.5 Emulsion stability 

Globules in an oil-in-water emulsion may be subject to various kinds of physical 
instability, namely coalescence, aggregation and creaming. Rapid creaming or 
sedimentation may be enhanced by coalescence or aggregation. These three major 
forms of instability are schematically shown in Figure 1.2. This figure includes the 
relationship between these phenomena. More types of instability in emulsions like 
bridging by particles, liquid neck formation, bridging flocculation, depletion 
flocculation, chemical cross-linking and Ostwald ripening are reviewed in: Mulder & 
Walstra (1974); Stainsby (1986); Walstra (1987) and Walstra (1993b). 
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Figure 1.2 Different types of instability of an O/W emulsion (schematic) 
(reproduced from Mulder & Walstra, 1974) 
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Whether or not instability occurs depends primarily on the interacting forces between 
the droplets, and the surfactants or proteins on the droplets play a key role in these 
interaction forces. The types of forces involved are the field of colloid science and are 
useful in studying stability phenomena of protein stabilized emulsions. 

1.5.1 Interaction forces 
It is often sufficient to conceive the emulsion droplets as being covered with protein, 
of which parts protrude into the solution for some distance. When surfaces come very 
close, say <20 nm, attractive and repulsive forces affect the further approach of the 
droplets. Van der Waals attractions between them can become significant. Adsorbed 
protein allows the possibility of electrostatic repulsion of emulsion droplets. This 
repulsion is explained as a result of the local increase in osmotic pressure, when the 
ion clouds of charged residues of protein overlap. The effects of these two forces are 
accounted for in the DLVO theory (Israelachvili, 1992; Walstra, 1993b). 

The forces between emulsion droplets are affected both by the particles themselves 
and the dispersing medium and depend on droplet separation distance h. For two 
equal-sized droplets in an o/w-emulsion at room temperature and for h < < ad, the 
London van der Waals interaction energy is given by: 

Ga = -a, AJ 12 h (J) (1) 

where «d = radius of emulsion droplet (in m) 
Ah = is the composite Hamaker constant (in J) 
(for triglyceride oil in water Ah = 5 10"21 J (Israelachvili, 1992) 

The van der Waals forces are effective in the range of h = 0-20 nm for emulsions 
droplets with a radius of 0.5-2 fim. At greater distances, the forces are too small and 
are easily overcome by Brownian motion (Walstra, 1993b). 

Electrostatic interaction energy Gr, is given in equation 2 for conditions in most 
emulsions (/c«d > > 1; h < < aA; \ \[/0 \ < 40 mV) as a function of the separation distance 
h between the droplets. 

Gr = 4.3*109 aA iA0
2ln(l + e"*) (J) (2) 

where aA = radius of emulsion droplet (in m) 
i/'o = surface potential ( in V) 
1/K = the electric double layer thickness (in m) 

To impart stability to emulsions, it is necessary that repulsive forces are stronger 
than attractive forces between the droplets. An example of the total interaction energy 
is given as function of the distance between two emulsion droplets in Figure 1.3 (after 
Walstra, 1993b). 
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Electrostatic repulsion can give rise to a substantial energy barrier at separations of 
a few nm at point B (Figure 1.3.a), near the primary minimum at point A, opposing 
close approach of droplets. A shallow secondary minimum can cause reversible 
flocculation at rather large droplet separations at point C. 

The extent to which electrostatic interactions contribute to the stability of caseinate 
stabilized emulsions may only be marginal, because of ionic conditions and relatively 
low surface potential. The surface potential, as approximated by electrokinetic 
potential, was rather small, between -5 and -20 mV (Dalgleish, 1984). Even in an 
environment with a relatively low ionic strength, sufficient concentration of ions may 
minimise charge-interactions. Typically the thickness of the electric double layer l//c, 
(which equals about 3.3 Vl; Ionic strength I in mol/1) would fall from 10 nm at ionic 
strength 1 mmol/1 to 1 nm at 100 mmol/1 for an univalent electrolyte like NaCl. 
Hence, this distance is small compared to the distance at which emulsion droplets are 
thought to be stable (Walstra, 1993b; Bergenstahl, 1988). 

G/kT 

+200 

-200 
10 15 20 

h/nm 

Figure 1.3 Calculated total interaction energy (GT) between two spheres as a Junction of 
surface separation distance h. (a) electrostatic repulsion and van der Waals 
attraction (DLVO); (b) steric repulsion and van der Waals attraction 
(reproduced from Walstra, 1993b) 

The theory can by extended by incorporating steric repulsion due to protruding 
molecular chains which can be of great importance in the case of proteins. The 
interaction free energy associated with steric repulsion is composed of two 
components, one arising from mixing of the protruding chains and, at small distance 
h, their elastic deformation. In Figure 1.3.b a strong steric repulsion at about 10 nm 
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is introduced. The interactions between segments of adsorbed polymers are generally 
repulsive, unless the solvent quality for the protruding chains is poor. However, 
quantitative models on steric stabilization are intricate, and models to account for 
steric stabilization by for proteins adsorbed at the interface do not exist. Mosdy, steric 
repulsion will be strong enough to prevent droplets from approaching each other and 
thereby aggregation (Snowden et al., 1991; Israelachvili, 1992; Walstra, 1993b). 

Non-adsorbed polymers like polysaccharides can have important effects on 
aggregation of particles or emulsion droplets (Vincent, 1987; Snowden et al., 1991; 
Luyten et al., 1993). The influence of polysaccharides on aggregation has been 
described by the exclusion of polysaccharide molecules from a layer around the 
particles giving a higher osmotic pressure. Aggregation of the particles then decreases 
the depletion volume, hence decreases osmotic pressure, hence decreases free energy. 
This depletion flocculation may only happen if the molar mass of the polysaccharide 
is high and the solvent quality is good (Walstra, 1993b). 

Only recently, the interaction forces between proteins and other biological molecules 
adsorbed onto solid surfaces were measured directly. The various forces involved such 
as electrostatic forces are distinguished by adapting the experimental conditions such 
as ionic strength and pH. For example, electrostatic repulsion can be suppressed by 
raising the ionic strength, as a result of which the van der Waals attraction becomes 
more dominant in the force profile (Israelachvili, 1992). The measured force profiles 
were in remarkable agreement with theoretical predictions based mainly on DLVO-
theory extended with a steric repulsion term and behaviour of the colloidal particles 
in solutions (Leckband & Israelachvili, 1993; Israelachvili, 1992). For example, 
behaviour of phospholipid bilayer membranes and protein films of ribonuclease and 
human serum albumin on mica interfaces were examined by this technique. Force 
profiles of ribonuclease and human serum albumin monolayers showed strong 
repulsive forces of steric nature at surface separations of 5-10 nm. This is correlated 
to the stability of these proteins in solution (Blomberg et al., 1991; Leckband & 
Israelachvili, 1993). 

The overall interactions for caseinate emulsions are governed by a balance of 
electrostatic, van der Waals and steric repulsion forces between the surfactant covered 
emulsion droplets. It is very difficult to calculate the net interaction energy for a given 
situation, especially if the composition and structure of the interfacial layer is hardly 
known. Interfacial behaviour for caseinate stabilized emulsions is further complicated 
by protein surface heterogeneity and by time dependence of the structure. 
Nevertheless, these calculations are a useful tool in predicting trends, since a few 
studies showed that conditions of aggregation and subsequent coalescence of caseinate 
emulsion droplets were in reasonable agreement with predictions from theory 
(Dalgleish, 1984; Dickinson et al., 1987). 
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1.5.2 Aggregation 

Colloidal aggregation may occur if attractive forces are larger than repulsive forces. 
The properties of the continuous and disperse phases and also the emulsion droplet 
surface layer determine to what extent aggregation occurs. Aggregation of protein 
stabilized emulsions may be induced in several ways: (i) by adjusting the pH towards 
the isoelectric point, which lowers the net surface charge density; (ii) by raising the 
ionic strength, to screen the charges; (iii) by adding divalent ions like calcium which 
may interact specifically with protein residues; thereby forming bridges between 
negative groups at the protein or reducing charge; (iv) by adding ethanol which 
reduces solvent quality (Dickinson, 1989a; Walstra, 1990; Walstra, 1993b). 

The significance of surface potential or electrokinetic potential of caseinate stabilized 
emulsion droplets on stability was discussed by Dalgleish (1984). In pH region 5.5 to 
7.5 a number of carboxyl and ester phosphate groups on caseinate will be dissociated 
and therefore provide net negative charge. The electrokinetic potential of sodium-
caseinate covered droplets was -24 mV without calcium and about -12 mV at a 
calcium concentration of 10 mmol/1, measured in imidazole buffer pH 7.0 containing 
NaCl (50 mmol/1) at 25°C (Dalgleish (1984). If pH is lowered or Ca2+-activity is 
increased the electrokinetic potential increases, i.e. it becomes less negative and this 
may cause caseinate chains to "curl up" (Walstra, 1990). Thus, in a qualitative sense, 
the possibility of interaction between protein segments and coagulation rate will 
increase, because of van der Waals attraction between the droplets (Walstra, 1993b). 
Emulsions prepared with sodium caseinate or with individual caseins (asl-casein or 13-
casein) aggregated after addition of 15 mmol/1 CaCl2, in a 20 mmol/1 imidazole buffer, 
pH 7.5. Aggregation was reversible when the emulsion was diluted with buffer 
(Dickinson et al., 1987; Hunt et al., 1993). The effect was most pronounced when the 
protein load of the emulsion droplets was small (Dickinson et al., 1984). It seems that 
calcium plays a major role in this mechanism. When citrate was added to caseinate 
stabilized cream liqueurs, shelf life could be extended by some orders of magnitude, 
probably by preventing aggregation (Banks et al., 1981). This calcium-induced 
aggregation was particularly found when caseins were present which contained a 
number of phosphoserine residues. Emulsions made from reduced /c-casein were stable 
towards aggregation on addition of calcium-chloride (15 mmol/1) (Dickinson et al., 
1987). Sodium chloride induced aggregation of sodium caseinate emulsions when the 
concentration exceeded 2 mol/1. At these high sodium chloride concentrations all 
charges at the caseinate were probably screened off and the caseinate precipitated 
(Dickinson et al., 1984; Dickinson et al., 1987). Furthermore, aggregation increased 
when the solvent quality was reduced by adding extra alcohol (140 g/kg) to caseinate 
emulsions (Banks et al., 1981). 

These results from emulsions stabilized by caseinate or individual caseins were in 
agreement with behaviour of individual caseins in solution. The Ca2+-concentration 
required to initiate precipitation of all individual caseins is roughly equivalent to the 
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number of phosphoserine residues. The calcium ions are probably very effective in 
decreasing net charge and electrostatic repulsion between the caseinate residues, hence 
promoting the possibility of hydrophobic interaction, leading to increased association 
and precipitation (Dalgleish & Parker, 1980; Parker & Dalgleish, 1981; Swaisgood, 
1992). Aggregation of caseinate caused through charge neutralization by non-specific 
salts like sodium chloride seemed less important. It seems reasonable to assume that, 
also during heating, ionic composition and pH are important parameters in affecting 
aggregation of caseinate emulsions . 

1.5.3 Coalescence 

Coalescence of emulsion droplets results in emulsions with larger droplets and 
eventually in separation of oil. Coalescence rate is predominantly determined by the 
properties of the interfacial layer containing different types of protein or low 
molecular weight surfactants. Protein stabilized emulsions are mostly stable against 
coalescence. The most simple explanation for emulsion stabilisation is that the protein 
can form a "skin" around the surface of oil droplets and that the mechanical properties 
of the adsorbed protein film are responsible for the resistance to coalescence. Or more 
precisely: coalescence in an oil-in-water emulsion is a result of a number of successive 
processes: encounters of the droplets, drainage of the film of continuous phase 
between them and final rupture of the film due to some local fluctuation or 
disturbance. For stabilisation, the interfacial tension must not be too low and strong 
repulsive forces must act over a fairly long distance (Walstra, 1987a; Dickinson, 
1989a). 

Rate of coalescence mostly follows first-order kinetics, whereas aggregation is 
typically a second-order reaction. Semi-quantitative measurements of kinetics of 
(partial) coalescence were done with oil-in-water emulsions with caseinate, SDS and 
PVA in the presence of crystalline fat. The fraction of encounters leading to 
coalescence a for an unstable emulsion was 106-107 whereas a for a "stable" 
emulsion will be < 10 10 (van Boekel & Walstra, 1981; Darling, 1982; Mertens, 
1989) 

Caseinate was found to be very suitable to produce stable oil-in-water emulsions. 
Caseinate is highly surface active and gives rise to small stable emulsion droplets 
because it causes considerable repulsion between oil-droplets and gives not a very low 
interfacial tension (Walstra, 1987, Mertens, 1989; Fang & Dalgleish, 1993a). The 
minimum protein load for caseinate stabilized emulsions is about 1 mg/m2. Below this 
value droplets may aggregate and coalesce. Such a low caseinate load is obviously 
related to a very low caseinate to oil ratio in the emulsions. A caseinate concentration 
of 0.3 weight percent was enough to give a stable emulsion (droplets < ljum) 
containing 20 weight percent of oil (Fang & Dalgleish, 1993a). When the four related 
but different individual caseins were studied separately in emulsion stabilization, 
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similar results were found. Stable emulsions could be formed above limiting amounts 
of the individual caseins (Dickinson et al., 1988). It was also found that the individual 
caseins formed surface layers with different structures and dimensions. Mixed layers 
of some of the individual caseins did not have intermediate composition and structure, 
but appeared to depend on interactions between the caseins at the conditions studied 
(Dalgleish, 1993). 

The condition of limiting amounts of protein to stabilize emulsions was also found 
with whey protein stabilized emulsions during heating at 120°C. Stability of emulsion 
droplets fell markedly as surface coverage was reduced to about 1 mg/m2 (Oortwijn 
& Walstra, 1982). Emulsions made from desalinated whey showed less coalescence 
on heating than at high ionic strength or calcium-ion-activity, indicating the importance 
of conditions like pH and ionic strength (Yamauchi, 1980; Melsen, 1987). 

Low molecular weight surfactants added to caseinate or other protein-containing food 
emulsions can enhance, or more likely, decrease stability against coalescence. They 
are surface active, but cause repulsion of the droplets only at small distance 
(Bergenstahl, 1988). The addition of lecithin was found to enhance coalescence 
stability of emulsions at very low caseinate concentrations. Probably a stable mixed 
casein/lecithin surface layer was formed (Bergenstahl, 1988; Fang & Dalgleish, 
1993b). When either caseinate or lecithin concentration was raised, stable emulsions 
were formed. However, addition of egg- or soya-lecithin (3 g/kg) to recombined milk 
fat globules, resulted in increased partial coalescence in a flow field (Melsen & 
Walstra, 1989), indicating that lecithin addition may increase susceptibility to 
destabilization in some conditions. The surfactant may displace the caseinate from the 
droplet interface, thereby lowering interfacial tension and diminish repulsion. Addition 
of SDS or Tween 20 to an emulsion containing either caseinate, whey or total milk 
protein caused desorption of the previously adsorbed protein and the oil-droplets 
coalesced (Oortwijn & Walstra, 1979; Mertens, 1989). When lecithin was added to 
whole milk before homogenization, the protein seemed not to be displaced by the 
lecithin (McCrae & Muir, 1991). 

The properties of the surfactant such as the hydrophillic-lipophilic balance will partly 
determine behaviour of the surfactant when added to caseinate emulsions. The ratio 
of the solubilities of the surfactant in the oil and water phases will determine whether 
an oil-in-water or an water-in-oil emulsion will be formed, and also at what conditions 
phase-inversion takes place. The partition coefficient over both phases of the surfactant 
is about unity at the phase-inversion-temperature (PIT); at the PIT interfacial tension 
is very small, which strongly promotes coalescence of the emulsion droplets (Shinoda 
& Saito, 1969). Phase inversion temperatures in systems containing oil and water have 
been reported for monoglycerides (Wilton & Friberg, 1971) and fatty acid esters 
(Alander & Warnheim, 1989). As far as we know, such measurements have not been 
done for lecithin or fractions thereof. The sharp phase-inversion-temperature observed 
in systems of pure components will certainly not apply to surfactants like lecithins with 
a broad range of hydrophillic-lipophilic balance (Shinoda, 1989). 
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1.6 Phase behaviour 

In this section we will shortly treat the types of phase behaviour expected for aqueous 
systems with either one polymer, two polymers and small particles. For the one 
polymer system, precipitation of the polymer will generally not occur if the solubility 
of the polymer is surpassed, but separation into two phases, one of a high and one of 
a low concentration of polymer. In this way, the polymer in the concentrated phase 
(that contains by far the greater proportion of polymer) does not lose its substantial 
conformational entropy (Lindman et al., 1993). 

In mixed aqueous solutions of macromolecules (e.g. proteins and polysaccharides), 
liquid-liquid phase separation phenomena may be observed. The compatibility of 
macromolecules is usually small, except in dilute systems. The phase behaviour may 
be divided into two main categories, based on the distribution of the macromolecules 
between the separating phases. The associative type of phase separation (traditionally 
called complex coacervation), is characterized by a concentrated phase enriched in 
both macromolecules and a dilute phase. This type is primarily found for two 
oppositely charged macromolecules. The segregative type of phase separation (often 
called incompatibility) where the two macromolecules are enriched in separate phases 
is typical for most mixtures of macro-molecules (Lindman et al., 1993). Association 
and segregation are favoured by attractive and repulsive polymer-polymer interactions, 
respectively. However, polymer-solvent interactions are also important. In the 
association case, phase separation is always favoured under poor solvent conditions 
and may, under certain conditions, appear even without effective polymer-polymer 
attraction. Conversely, in the segregation case, differences in the polymer/solvent 
interactions may yield a segregation also in the absence of an effective polymer-
polymer repulsion (Tolstoguzov, 1991; Picullel et al., 1994). 

A dispersion of a high concentration of particles may show phase separation of the 
particles weakly attract each other (interaction energy of the order of -kT). One phase 
contains most of the particles at a very high concentration (volume fraction mostiy 
> 0.5), whereas the other is depleted of particles. This may be comparable to the one 
polymer system described above. One cause of a weak interaction potential is 
depletion of a dissolved polymer near the particles surface; this case is comparable to 
the segregation type of phase separation. It is also possible that two kinds of particles 
show mutual attraction, which may lead to something like the attractive type of phase 
separation or coacervation. Phase separation of small particles does not occur if the 
attraction is strong: in such a case a precipitate or a gel is formed. Phase separation 
of small particles is more likely to occur if the particles are small, if they are fairly 
monodisperse, if they are anisometric, and when their volume fraction is high. 

For caseinate-polysaccharide mixtures either associative or segregative interactions 
may occur, depending on type of polysaccharide, concentration, pH and ionic strength. 
Minimum concentrations for phase separation of casein-polysaccharide mixtures are 
about 2-4 weight percent. Segregation was found for mixtures of caseinate-dextran 
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(2 kDa) mixtures at pH 6.5 in 0.15 mol/1 NaCl or mixtures of caseinate and sodium 
alginate or caseinate and gum arabic (Tolstoguzov et al., 1985). Sensitivity for 
incompatibility of caseinate-dextran mixtures increased with molecular weight of the 
dextran (Mw:105-106) and ionic strength (NaCl: 0.03-0.5 mol/1) (Tolstoguzov et al., 
1985). The effect of pH and temperature in these caseinate-dextran mixtures appeared 
highly correlated with behaviour of caseinate in solution. Segregation of the caseinate-
dextran (2 kDa) mixtures increased when pH was near the iso-electric point of 
caseinate and increased with increasing temperature (20-80°C) (Tolstoguzov et al., 
1985). 

Mixtures of caseinate and malto-dextrins have hardly been studied to date. Only 
recentiy, results of studies on properties of concentrated mixtures of caseinate 
(150 g/kg) and malto-dextrins ("dextrose equivalent" DE 2) were given. These 
concentrated systems showed a transition from a bicontinuous system at low malto-
dextrin concentration to a continuous malto-dextrin phase and discontinuous caseinate 
phase, as measured at 85°C (Manoj et al., to be published). Mixtures of micellar 
casein (> 1 w/w %) with potato malto-dextrins 16.5 % DE 2 at 20°C showed phase-
droplets of casein. The size of the droplets increased slowly with time, which seemed 
to be due to aggregation of the micellar casein. Furthermore it was shown that the 
phase separation process was slowed down after a few hours, owing to gelation of the 
malto-dextrin (Abraham et al., to be published). 

Although phase behaviour of casein-polysaccharide mixtures in quiescent conditions 
has been studied and reported in some detail, it is now becoming clear that the 
behaviour under high shear and during heating is of prime importance in controlling 
properties of such mixtures (Lindman et al., 1993; Harding et al., 1993; Donald et 
al., in press). Changes in the morphologies in those conditions and phase continuity 
issues have received little attention. Observed morphologies or microstructures are 
nearly always intermediate structures. To understand the microstructures, one needs 
to know the phase equilibria and the kinetics of phase separation. Various workers 
reported mainly on rheological measurements in rather concentrated systems. From 
such measurements it can be established whether the systems are bicontinuous and 
whether the macro-molecules are in the continuous or the dispersed phase (Lindman 
et al., 1993; Kasapis et al., 1993a,b; Abraham et al., to be published). Some new 
techniques like Fourier Transform Infrared (FTIR) spectroscopy and FTIR microscopy 
have been developed to describe kinetics of demixing and gelation quantitatively 
(Donald et al., in press). 
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1.7 Heat-induced changes in caseinate 

During heat treatment of emulsions containing caseinate and sugar, aggregation of the 
caseinate in solution or adsorbed at the emulsion droplets, dephosphorylation of the 
caseinate and chemical cross-linking reactions may occur. These reactions may affect 
physical changes in the emulsions during heating. 

1.7.1 Aggregation 

Caseinate in solution is extremely stable to heat coagulation. Measurement of 
aggregation by turbidity (at room temperature) of sodium-caseinate solutions (10 g/kg) 
in distilled water (pH 7.0) showed relatively small changes during heating for 60 min 
between 120 and 130°C (Guo et al., 1989). Aggregation increased during heating 
between 130 and 140°C and turbidity was shown to increase sharply. Aggregation was 
also found in a solution of /3-casein upon heating to 140°C. This type of aggregation 
in jS-casein solution appeared to be reversible on cooling to 0-20°C (Guo et al., 1989). 
A /c-casein solution (2.5 g/kg), pH 7.2 was stable towards aggregation on heating 
(5 min 100°C). If however, sodium chloride (50 mmol/1) was added or the pH was 
decreased to 6.2, the stability of /c-casein was somewhat reduced (Zittle, 1969a,b). 

1.7.2 Dephosphorylation 

Heating of caseinate solutions at high temperatures (110-140°C) caused 
dephosphorylation of the caseinate (Belec and Jenness, 1962a,b; Guo et al., 1989). 
Dephosphorylation was measured as released phosphate during heating after 
precipitation of the caseinate with trichloro-acetic acid (TCA) (120 g/kg). About 25, 
40 and 100 percent of phosphate groups was released after heating at 120°C for 0.5, 
1 and 5 h, respectively, and appeared independent of pH in the range 6.0-7.0. Release 
of phosphate in calcium caseinate or micellar casein was slightly slower in the same 
conditions (Belec and Jenness, 1962a,b; Guo et al, 1989). The sensitivity towards 
aggregation (at 37 °C) by calcium-ions was gready reduced when phosphate-groups 
were enzymatically removed from the caseinate. The Ca2+ concentration leading to 
aggregation changed from about 4 to 6 to 8 mmol/1 Ca2+ when dephosphorylation was 
0, 40 and 93 percent of the sodium-caseinate in solution (2 g/kg), respectively. The 
aggregation of the caseinate induced by lowering of the pH in the direction of the 
isoelectric point seemed unchanged and remained at about pH 5.0-5.5 (Hekken & 
Strange, 1993). 
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1.7.3 Chemical cross-linking 

Intra- or inter-molecular covalent bond formation between residues of caseinate, at 
temperatures ranging from 100°C to 140°C, can lead to irreversible changes of the 
caseinate (vanBoekel etal., 1989; Singh, 1995). Estimation of protein polymerization 
reactions during processing has usually been done by measuring bands on urea or 
SDS-polyacrylamide gels or ion-exchange FPLC (Law et al., 1994; Guo et al., 1989; 
Zin El-Din & Aoki, 1993). Changes in pattern of caseins after heating have been 
examined by alkaline PAGE and ion-exchange FPLC at 5 min at 110°C (Law et al., 
1994). SDS-PAGE of heat treated solutions of sodium-caseinate also showed 
remarkable changes with heating time between 0 and 60 minutes at 120°C. The 
intensity of all casein bands decreased, while intensity in the region of larger protein 
molecules increased, probably due to aggregates, and the region of smaller peptides 
also increased, probably due to degradation products of caseinate (Guo et al., 1989; 
Law et al., 1994). Zin El-Din & Aoki (1993) studied factors affecting polymerization 
of artificial casein micelles and sodium caseinate by high performance gel 
chromatography using a eluent containing 6 M urea, EDTA and 2-mercaptoethanol. 
The amount of polymerized casein formed at 140°C was relatively small in the 
initially unaggregated sodium-caseinate compared to artificial casein micelles. On 
addition of lactose to sodium caseinate, polymerization greatly increased during 
heating, probably because of Maillard type reactions (Zin El-Din & Aoki, 1993). 

Quantification of polymerization using these methods remains a problem, because 
these methods do not distinguish between advanced Maillard reaction products and 
cross linked amino acids (lysinoalanine (LAL), histidinoalanine (HAL), lanthionine). 
The reactions studied in somewhat more detail in casein containing systems are: the 
Maillard reaction (between the e-NH2 group of proteins and reducing sugars), 
formation of reaction products of dehydroalanine (itself formed out of phosphoserine, 
cystein- or cystin-residues) and disulfide bridge formation. Formation of iso-peptides 
may be of limited importance because this takes place only during extreme heat 
treatments (e.g. 24 hours at 120°C; Singh, 1995). 

Maillard reactions 
The Maillard reaction involves a cascade of reactions starting with free amino groups 
and reducing sugars and leads to a very complex mixture of products. Generally, 
Maillard reactions are faster at higher temperature and higher pH. Considering the 
scope of this thesis and the overwhelming amount of literature available on this subject 
(Ledl, 1990; Berg, 1993; Rizzi, 1994), this review will be restricted to some general 
features possibly of importance for caseinate systems regarded in this study. 

Major Maillard reactions pathways are shown in Figure 1.4 for aldehyde sugars. 
Similar reactions may occur for keto-sugars. 
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Figure 1.4 Maillard reaction scheme, reproduced from Rizzi (1994) (Numbers are 
indicated in text) 

The initial condensation reaction between reducing sugars and amino acids and 
Amadori rearrangement of the Schiff base (1) lead to N-substituted 1-amino-1-deoxy-
2-ketoses or Amadori compounds (2). These rather stable Amadori compounds can 
react, via cyclization of 1-deoxyosones (3) further through 1,2-enolization (at low pH) 
to products like 5-hydroxymethyl-2-furaldehyde (HMF) (5), which is recognized as 
a minor reaction product in milk (Berg & van Boekel, 1994). The Amadori 
compounds can also react through 2,3-enolization (at high pH) to flavour products like 
C-methyl-aldehydes, keto-aldehydes, dicarbonyls and reductones (6). The third 
reaction is the Strecker degradation of amino acids by the conjugated dicarbonyl 
compounds during the above mentioned enolization reactions, which will be of less 
importance in caseinate systems. Chain fragmentation of compounds (1) and (2) to 2-
and 3 carbon fragments will react further in which amino groups are again involved 
to form melanoidins. Polymerization of the many highly reactive compounds formed 
during these reactions is the final stage of Maillard reaction (Ledl, 1990; Rizzi, 1994). 
Knowledge about formation and structures of high molecular weight compounds such 
as melanoidins is limited. It appears that polymers formed have molecular weights 
above 1000 Daltons (Igaki et al., 1990). 

It might reasonably be expected that Maillard reactions contribute to the coagulation 
of protein systems. To our knowledge, only few studies related Mailard reactions to 
possible changes in heat coagulation. None of them were with caseinate. Pyne (1958) 
found no differences in sensitivity towards heating on addition of either lactose or 
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sucrose (which is a non-reducing sugar) to lactose-free milk. Andrews (1975) found 
that the extent of polymerization of milk proteins because of Maillard reaction during 
UHT-treatment of milk was only 8%. Extended covalent binding leading to 
irreversible physical changes was found in a system with the globular protein BSA or 
soya-isolate with reducing sugars heated at 121 °C (Armstrong et al., 1994). Cross-
linking reactions of caseins may proceed at ambient temperature, after sugars have 
reacted with amino acid residues at high temperature, which will be of importance 
during shelf life of dairy based products (Andrews, 1975, de Koning & Kaper, 1985; 
deKoningetal., 1992). 

Cross-linked amino acids 
When caseinate solutions are heated at moderately high pH (6-8), reaction products 
of dehydroalanine such as lysinoalanine and histidinoalanine may be formed. In a 
number of milk protein containing products such as milk, concentrated milk and infant 
milks lysinoalanine contents were between 50 and 2200 (mg/kg protein) and 
histidinoalanine contents between 50 and 1800 (mg/kg protein) (Henle et al., 1993). 
The reaction starts with the formation of dehydroalanine (DHA) residues via /3-
elimination reaction fromphosphoserine, glycosylserine, serine and cyst(e)ine residues 
(Figure 1.5). Due to addition of nucleophilic groups to the highly reactive DHA, the 
following cross-link amino acids may be produced : Lysinoalanine (from lysine), 
lanthionine (from cysteine), histidinoalanine (from histidine) and possibly 
ornithinoalanine (from ornithine) (Fujimoto et al., 1982; Henle et al., 1993). 

Caseinates are likely to undergo these type of reactions during heating especially 
because of the relatively high phosphoserine content. Enzymatic dephosphorylation of 
caseinate before heating reduced possibility of LAL formation almost completely 
(Lorient, 1979; Kleyn & Klostermeyer, 1980). Furthermore, formation of 
lysinoalanine seemed very dependent on pH. Negligible amounts of LAL were formed 
out of asl-casein at pH 6.0 but increased at higher pH values (Lorient, 1979). 
Comparable results were found on heating of /J-casein (Kleyn & Klostermeyer, 1980). 
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Figure 1.5 Formation of protein bound dehydroalanine (DHA) (1) by ^-elimination and 
of protein bound lysinoalanine (LAL) (2) and histidinoalanine (HAL) (3) by 
addition of nucleophilic groups to reactive DHA. 

Disulfide bonds 
It is questionable whether interchain disulfide bond formation can play a role in 
caseinate systems, because of the low content of the amino acid cysteine in casein. 
Only o:S2- and /c-casein contain cysteine residues. Formation of disulfide bonds in 
relation to heat stability is, as far as we know, only studied in /c-casein/as containing 
systems in the presence of salts (sodium-chloride, 50 mmol/1) heated for 5 min at 
100°C. K-casein was able to stabilize as -casein against precipitation to calcium-ions, 
probably due to disulfide bond formation. When K-casein was treated with reducing 
agents such as mercaptoethanol and dithiothreitol, K-casein seemed not able to stabilize 
as-casein against precipitation to calcium-ions (Zittle, 1969b). Furthermore, a 
significant decrease in viscosity was found on addition of mercaptoethanol (0.3 g/kg) 
or other disulfide reducing agents to a caseinate solution (150 g/kg) at 60°C. No 
decrease was found when mercapto-ethanol was added to cooled caseinate solutions, 
indicating that aggregation of the caseinate at 60 °C was partly due to disulfide bond 
formation (Towler et al., 1981). 

Thus, heat treatments at 100-120°C under neutral or alkaline conditions may cause 
considerable polymerization of caseinate. The involvement of polymerization reactions 
in caseinate containing products may be an important factor in their heat coagulation. 
In the case of emulsions, it must be realized that only intermolecular reactions between 
caseinate molecules can lead to aggregation of the droplets (Walstra, 1993b). 
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1.8 Objectives of the study and outline of the thesis 

The control of the stability of caseinate emulsions during heating is clearly multi
factorial. Most practical problems are solved by empirical, trial and error, methods. 
Further progress can be obtained in studying the contribution of the various heat-
induced changes in the emulsions and relate these to sensitivity towards coagulation, 
coalescence or phase separation. The objectives of this study were to examine these 
heat-induced changes and to gain understanding of the mechanisms leading to 
instability and subsequent loss of homogeneity of the caseinate emulsions. 

Heat treatment causes a number of physical and chemical changes in caseinate 
emulsions. These changes are summarized in Table 1.1. and investigated for caseinate 
stabilized emulsions, the results of which are described in chapter 3. 

Table 1.1 Changes in caseinate emulsions during heating 

Changes in caseinate 
- dephosphorylation of caseinate 
- changes in short-time mobility of caseinate chains 
- physical association of individual caseinates 

Adsorption of caseinate at the oil interface 
Changes in ionization and partition of salts and pH 
Chemical cross-linking of caseinate 

A number of these changes may affect electrostatic and steric repulsion caused by 
adsorbed caseinate which are probably important for stability of the emulsions. 
Knowledge about the changes is required for interpreting the mechanisms involved in 
instability of the emulsions as described in subsequent chapters. Results on 
determination of sensitivity of caseinate stabilized emulsions and oil-free caseinate 
systems during heating are given in chapter 4. Four types of heat-induced instability 
may be distinguished: (i) salt-induced coagulation; (ii) coagulation due to covalent 
bond formation; (iii) heat-induced coalescence; (iv) phase separation. The heat-induced 
phase separation in caseinate emulsions may be very sensitive to small changes in 
ionic composition and type of sugars used. Therefore, the phase separation phenomena 
and consequences of this reaction were studied in somewhat more detail, as described 
in chapter 5. Effect of fractionation of malto-dextrin on heat-induced phase separation 
was determined. The consequence of phase separation for deposition of caseinate on 
emulsions droplets was determined by determining adsorption isotherms. 

Stability was also determined as function of compositional factors such as oil 
concentration, type of sugar and legally permitted additives. Two categories of 
additives are usually incorporated into caseinate containing dietetic formulations: 
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stabilizing salts and surfactants (mostly lecithin). Each of these contribute to the 
stability of the caseinate emulsions during heating, but their mode of action may well 
be very different. Stabilizing citrates and phosphates were expected to influence salt 
equilibria and lecithins may affect heat coagulation by modifying the caseinate covered 
emulsion droplets. Lecithin may in some conditions also induce coalescence of the 
caseinate stabilized droplets (chapter 6). Therefore the use of different fractions of 
lecithin in caseinate emulsions was investigated through measurement of changes in 
particle size distribution during heat treatment and changes of the interfacial 
composition. 



Chapter 2 

Materials and Methods 

2.1 Caseinate emulsions 

The composition of the two model caseinate emulsions used in all experiments 
reported here is shown in Table 2.1. Model A was used in experiments on heat 
coagulation (chapter 4) and phase separation (chapter 5). Model B was used in 
experiments on coalescence (chapter 6). 

Table 2.1 

oil 
protein 
carbohydrates 
Ca 
Mg 
Na 
K 
P 
x inorganic 
citrate 
CI 

Total solids 
Density 

Composition of 

model A 

54 
55 

166 
520 
160 
760 

1250 
0 

870 
1760 

280 
1090 

(g/kg) 
(g/kg) 
(g/kg) 
(mg/kg) 
(mg/kg) 
(mg/kg) 
(mg/kg) 
(mg/kg) 
(mg/kg) 
(mg/kg) 

(g/kg) 
(kg/m3) 

14 
7.4 

35 
35 
0 
5.0 

54 

caseinate emulsions 

(mmol/l) 
(mmol/1) 
(mmol/l) 
(mmol/1) 
(mmol/l) 
(mmol/1) 
(mmol/1) 

model B 

37 
38 

114 
75 

190 
760 

1280 
110 

1300 
1180 

196 
1060 

(g/kg) 
(g/kg) 
(g/kg) 
(mg/kg) 
(mg/kg) 
(mg/kg) 
(mg/kg) 
(mg/kg) 
(mg/kg) 
(mg/kg) 

(g/kg) 
(kg/m3) 

2 
8 

35 
35 
4 
7.3 

35 

(mmol/1) 
(mmol/1) 
(mmol/1) 
(mmol/1) 
(mmol/1) 
(mmol/1) 
(mmol/1) 

2.2 Preparation of emulsions 

Model A 
Emulsions were prepared from soya oil (54 g/kg) and a caseinate-carbohydrate 
solution. Equal amounts of sodium and calcium caseinate (mass ratio 1 to 1) (Campina 
Melkunie, Veghel, NL) were mixed with sugars and water to give a dispersion 
containing 55 g protein/kg and 166 g carbohydrate/kg. For the standard product, salts 
were added giving the following overall composition: tri-sodium citrate (4.0 mmol/1), 
tri-potassium citrate (1.0 mmol/1), magnesium chloride (7.4 mmol/1), potassium 
chloride (31 mmol/1). The pH was 6.9. Soybean-oil was coarsely dispersed in this 
mixture at a level of 54 g/kg using an Ultra Turrax. The emulsion was heated in a 
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plate heat exchanger (15 s, 75 °C) and subsequently homogenized in a Manton Gaulin 
two-stage laboratory homogenizer at 13 MPa in the first stage and 2 MPa in the 
second stage at 65°C. Finally the concentration of total solids was adjusted to 280 
g/kg with tap water. 

Model B 
Equal amounts of sodium and potassium caseinate (Campina Melkunie, Veghel, NL) 
were mixed with water and sugars to give a dispersion containing 38 g protein/kg and 
114 g carbohydrate/kg. For the standard product salts were added giving the following 
overall composition: tri-sodium citrate (2.6 mmol/1), tri-potassium citrate (4.7 
mmol/1), magnesium chloride (8 mmol/1), calcium chloride (2 mmol/1), sodium 
chloride (12 mmol/1), di-potassiumhydrogenphosphate (4 mmol/1). The pH was 6.7. 
The dispersion was mixed with soybean-oil at a level of 37 g/kg, using an Ultra 
Turrax to coarsely disperse the mixture. Homogenization was done as described 
above. Finally the concentration of total solids was adjusted to 196 g/kg with tap 
water. 

2.3 Variations in the procedure 

2.3.1 Oil-free systems 

Oil-free caseinate systems were prepared in exactly the same manner as described 
above except that the oil was omitted and the concentration of total solids was adjusted 
to 230 g/kg (model A). 

Table 2.2 Average composition of crude soya lecithin and derivatives (source Lucas 
Meyer, Hamburg, Germany) 

fraction of component of total phospholipids (g/kg) 

Topcithin Epikuron 200 Epikuron 110 Emulfluid E 
(crude lecithin) 

phosphatidylcholine 
phosphatidylethanolamine 
phosphatidylinositol 
phosphatidic acid 
lysolecithin 
other 

280 
260 
200 
220 
10 
30 

960 

40 

145 
330 
270 
165 
10 
80 

250 
175 
200 
75 
150 
150 

phospholipid (g/kg) 500 980 550 400 


