Physical Chemistry of Foods
Part III
15 Crystallization
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Crystallization
Crystals are often formed in foods and during food processing. It concerns ice, sugars, salts, triacylglycerols, and other, generally minor, components. Crystallization can have large effects on food properties, especially on consistency, mouth feel, and physical stability. Crystallization is mostly preceded by nucleation, which is discussed in Chapter 14. Freezing of foods, freezing most of the water in a food, has several applications.

We will only consider ‘‘true,’’ solid and three-dimensional, crystals. Liquid crystalline phases can be formed in aqueous solutions of some amphiphilic molecules, and some materials in a densely packed adsorption layer can attain a two-dimensional crystalline order. Unless mentioned otherwise, crystallization from solution is implied in this chapter.
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The crystalline state
Order. A crystal consists of a material in a solid state in which the building entities—molecules, atoms or ions—are closely packed so that the free energy of the material is at minimum. To achieve this, all of the entities have to be subject to the same interaction forces (magnitude and direction), be in the same environment. As a result the entities are arranged in a regularly repeating pattern or lattice. This is illustrated in Figure 15.1a. In principle, the building entities have a fixed, perfectly ordered, and permanent position. In practice, this is not fully true, and the following points can be mentioned: the molecules (or atoms, or ions) are subject to heat motion. Hence only the average positions will be fixed.
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The crystalline state
Occasionally, two molecules may interchange positions. In other words, diffusion can occur in a crystalline material, but the time scales involved are centuries rather than seconds. Crystals are virtually never perfect, but contain defects, often due to incorporation of a foreign molecule. A defect generally leads to a dislocation in the crystal lattice, as is illustrated in Figure 15.1b. Some solid materials are ‘‘polycrystalline’’, they are composites of many small crystalline domains of various orientations; see Figure 15.1c.
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The crystalline state
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FIGURE 15.1 Two-dimensional illustration of crystalline order. (a) Example of a crystal lattice with perfect order. (b) Example of a defect in the crystal leading to a dislocation in the lattice. (c) A polycrystalline material.
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The crystalline state
Bonds involved. Crystals can be classified according to the nature of the main bonds keeping the building entities together. The following list is very roughly in the order of decreasing bond strength, heat of fusion, and melting temperature.

1. Covalent. The prime example is carbon in diamond or graphite, where each carbon atom is covalently bonded to four others. Another example is quartz, (SiO2)n; in a large crystal—in fact one giant molecule—n can be as large as 1024.

2. Metallic. Metal crystals consist of an array of cations, through which electrons can freely move.

3. Ionic. Salts typically form ionic crystals, a regular packing of cations and anions. In several of these, NaCl, the ions simply alternate in a cubic array.

4. Molecular. This concerns, for instance, triglycerides and sugars. The bonds involved are due to van der Waals attraction and often also hydrogen bonds.
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The crystalline state
Crystal systems. To understand several aspects of crystallization, it is useful to know about a few of the rudiments of crystallography. Crystallographers study the geometrical structure of crystals. They consider an idealized picture of a crystal, ignoring the nonidealities mentioned above. A crystal then is defined as an infinite real homogeneous discontinuum. The infinity is introduced to keep the mathematics simple. The crystal is discontinuous at the scale of the building entities or smaller, but is homogeneous in the sense that at a larger scale all regions are identical.
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The crystalline state
To characterize a crystal lattice, straight lines are drawn through fixed points, such as the centers of the molecules or of a particular atom in each molecule. Plane faces then are constructed through parallel lines. The perfect order of an ideal crystal lattice guarantees that such straight lines and plane faces can be constructed. The planes will have a variety of directions and will thus enclose volume elements. The smallest volume element that contains all geometrical information about the lattice is called a unit cell. The whole crystal can be considered as a perfect three-dimensional stacking of unit cells. Figure 15.2a gives an example where the unit cell is a cube.
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The crystalline state
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FIGURE 15.2 Cubic unit cells. The dots represent building entities (often single and identical molecules). The dotted lines are drawn to clarify the position of dots not at the corners. (a) Simple cubic. (b) Body-centered cubic (BCC). (c) Face-centered cubic (FCC).
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The crystalline state

It can be shown that 14 different unit cells or Bravais lattices can be distinguished (three of which are in Figure 15.2). By convention these are grouped into seven crystal systems (or by some authors into six). These are illustrated in Figure 15.3, which gives the primitive cells, only the shape; the number of Bravais lattices in each system is indicated. The hexagonal system differs from the others in that the unit cell can be considered trigonal (if one allows a = b ≠ c in the trigonal system); three of these cells can be stacked to form a hexagonal prism, as illustrated.
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The crystalline state
As shown, the unit cells are characterized by three axes of length a, b, and c; and by three angles between the axes, α, β, and γ. The dimensions (lengths and angles) of the unit cell can generally be determined by x-ray diffraction. In principle, the orientation of the molecules in the cell can also be established.

A unit cell may contain one or more molecules, a sugar and a water molecule. In such a case, the pair of molecules is considered to be the building entity. If the cell contains two identical molecules, these do not have identical orientation: otherwise, the unit cell could also be defined as containing one molecule, and be half as large.
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The crystalline state
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FIGURE 15.3 Crystal systems. Shown is the shape of the unit cell for each system, the number N of different Bravais lattices in each system, geometrical characteristics of the unit cell, and optical anisotropy (birefringence). Some examples of crystals of various materials are given.
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The crystalline state
Anisotropy. Since the distances between atoms or molecules, as well as the bond strengths between them, varies with direction (with respect to the axes of the unit cell), physical properties of a crystal may vary with direction. This is called anisotropy. For instance, the elastic modulus or the breaking strength of a crystal may depend on the direction of the force. Anisotropy tends to be more pronounced for crystal lattices in which the unit cell is more asymmetric.

A well known example is optical anisotropy, especially birefringence. The latter implies that the refractive index of the material depends on direction. When a narrow light beam passes through the crystal, it will be split into two beams, or even into three. It also means that a linearly polarized beam of light will attain elliptical polarization; such a material can be seen in a polarized light microscope if the specimen is between crossed polarizers. These phenomena do not occur if the light beam is parallel to the optical axis. As given in Figure 15.3, some crystal systems have one optical axis, others are biaxial; cubic crystals are isotropic and hence do not cause birefringence.
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The crystalline state
Crystal morphology. Since a crystal can be seen as a stack of unit cells, the simplest shape that a crystal can have directly follows from the unit cell: the angles between the faces are the same. Since the stacking need not amount to the same number of units cells in each direction, the relative sizes of the various faces van vary. Other (plane) faces can form, as illustrated in Figure 15.4 for the two-dimensional case. The lines denoted (10) and (01) are parallel to the axes a and b, respectively, but other lines can be drawn through corner points of unit cells. The same applies to the threedimensional case, where plane surfaces rather than straight lines are envisaged. Hence, cubic crystals can have angles between faces that do not equal 900 but also, for instance, 1350. The angles are measured inside the crystal; they are rarely larger than 1800.
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The crystalline state
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FIGURE 15.4 Illustration of various faces that can occur for a simple crystal lattice, and of the determination of the Miller indices (the numbers between brackets). Two-dimensional case.
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The crystalline state
To characterize the various faces, several systems have been devised. The most common one is the Miller index (hkl); the values of h, k, and l are established as follows. The coordinate system used is directly derived from the unit cell; this implies that the angles between axes can be different from 900. The plane considered cuts off from the axes lengths of A, B, and C times the corresponding lengths of the unit cell (a, b, and c); these numbers can be 1; 2; 3; . . . ;∞. The Miller index of the face is now given by (N/A N/B N/C), where N is chosen such that h, k, and l are the smallest possible natural numbers, including zero (N = ∞). This is illustrated in Figure 15.4 for two dimensions. Miller indices of crystal faces are, for instance, (100), (110) or (021); numbers larger than 3 rarely occur. It should further be noted that different faces can have the same index, because the axes have a sign and a face may cut through an axis on the positive side (‘‘above’’ the origin) or on the negative side; lines (21) and       in the figure (if need be, the negative value is indicated by a dash above the number). If a crystal has a face (110), it likely also has the faces      ,            and         , for symmetry reasons. Finally, the sense (and in some cases also the name) of the axes can be taken arbitrarily, but various workers use the same convention for a given crystal.
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The crystalline state
Crystals show enormous variation in external shape or habit, although all these shapes arise from ordered stacking of unit cells. This is illustrated in Figure 15.5, which speaks for itself. For a given unit cell, the angles between faces that can exist are fixed. This allows determination of the crystal system and of the dimensions of the unit cell from a crystal (if it is ‘‘perfect’’ and not too small). Figure 15.5 shows that considerable variation in shape can be encountered. Even far more intricate shapes are observed in ice crystals present in snow (which is formed by desublimation of water from the air). The variation in shape is caused by variation in the growth rate of the various faces of a crystal, which rates often depend on the composition of the solution.
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The crystalline state
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FIGURE 15.5 Variation in crystal morphology for identical unit cells. (a) Crystals in the rhombohedral system that only have faces present in the unit cell: (001), (010), and (100). (b) Cubic system; the leftmost picture is a cube, the rightmost one a regular octahedron; in between are intermediate shapes. (c) Examples of the various shapes that an α-lactose monohydrate crystal (monoclinic) can assume in practice. In (a) and (b) the shapes are shown in perspective. In (c) we have projections (all in the same direction with respect to the axes of the unit cell).
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The crystalline state
Polymorphism. Polymorphic literally means multiform, but the term does not refer to variation in external shape. It indicates that crystals of the same molecules have different unit cells, be it of the same or of a different crystal system. The phenomenon is quite common. There are two types of polymorphism. Enantiotropic polymorphs each are stable within a certain range of temperature and pressure. Consequently, a phase diagram of the various polymorphs can be made. The prime example is ice. If monotropic polymorphs exist, all but one of these is unstable.

There is no phase diagram and, given time, only the most stable form will remain. The prime examples are compounds with long paraffinic chains, including most lipids (especially acylglycerols), where three main polymorphs exist (α, βʹ, and β).

Strictly speaking, a material that can crystallize with and without solvent molecules, such as CaCO3 and CaCO3 . 6H2O, does not show polymorphism: the composition of both types of crystals is not the same. Neither is it polymorphism when the α- and the β-anomer of a reducing sugar, such as glucose, can crystallize, since these are different molecules.
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The crystalline state
Compound crystals. Several molecular crystals contain more than one component. Substances crystallizing with solvent (mostly water) molecules have already been mentioned. There are several other examples, such as crystals containing α- and β-lactose in the stoichiometry α5β3. If the composition of the crystals can vary continuously, be it in all proportions or within a limited range, one speaks of solid solutions. These can occur if the molecules involved are very similar and their packing in the crystal is not very tight. The prime example is, again, acylglycerols.
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Crystal growth
The rate of crystal growth can vary by several orders of magnitude. It is therefore important to understand the factors involved that control crystallization rate, which is often desirable during the processing or storage of foods. The shape that a crystal will attain depends on the relative growth rates of the various crystal faces, which may vary markedly.

Growth rate can be expressed in various ways. Growth occurs by attachment (binding) of molecules (or ions) to a crystal surface. On the other hand, molecules will also become detached. There is a continuous transport of molecules across the crystal surface in both directions. The resultant of these two processes (reactions) determines growth rate.
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Crystal growth
Supersaturation. The rate of growth of a crystal face will always increase with the difference in chemical potential Δμ between crystal and solution or melt. For crystallization from solution we have
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Common causes of nonideality can be (a) that the properties of solute and solvent molecules are very different, and (b) that the solution is far from dilute. It is in most cases difficult, if at all possible, to determine the activities. Anyway, the supersaturation, and thereby the crystallization, rate will be zero if the concentration ratio c/ceq equals unity.

In principle, one would expect the linear growth rate of a crystal face to be proportional to the supersaturation, but experiments show this to be the exception rather than the rule.
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Crystal growth
During growth, molecules diffuse to a crystal surface, and some of these are incorporated into the crystal lattice. Assuming (a) thermodynamic equilibrium at the crystal surface and (b) that each molecule arriving at the surface becomes incorporated, so-called normal growth will occur. Then the linear growth rate LC (in m s-1) is proportional to β - 1, and the maximum (or Wilson–Frenkel) rate can be calculated; an example is in Figure 15.6.

There is generally no thermodynamic equilibrium at the crystal surface. The chance that a molecule becomes and stays attached to a plane surface often is very slight, since the free energy gain per molecule is small. Substantial growth involves other processes. In principle, three regimes can be distinguished:

1. Thermodynamic roughening

2. Smooth surfaces with a number of subregimes 

3. Kinetic roughening
Slaid 24
Crystal growth
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FIGURE 15.6 Normalized linear growth rate of crystal faces as a function of supersaturation ln β. Calculated curves for thermodynamic roughening (TR), surface nucleation and growth (N), and spiral growth (S); for the last two cases additional calculations including the effect of surface diffusion (D) are also shown. The curve denoted ‘‘max’’ gives the hypothetical maximum for growth rate.
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Growth regimes
Thermodynamic roughening. A crystal in a solution that is precisely saturated may have faces that are not flat and smooth on a microscopic scale. This means that there is a transition zone of some molecules thick between the solid and the liquid phase. This roughness persists at increasing supersaturation. Whether roughening occurs depends on the surface entropy parameter. 

The sticking probability of a molecule at a smooth surface is small because it involves only one intermolecular contact. At a rough surface, attachment of a molecule can involve contacts, bonds, with more than one molecule, considerably enhancing the chance that the molecule remains attached.

Growth rate in the regime of thermodynamic roughening is proportional to the value of ln β (see Figure 15.6, curve TR) and higher for a lower α value, because that means stronger roughening. 
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Growth regimes
Smooth surfaces. If the value of α is larger than 3.5, the crystal faces tend to be smooth and hard. This is the most common situation. Growth now has to occur via surface nucleation, followed by two dimensional growth. This is illustrated in Figure 15.7. The activation free energy for attachment (adsorption) of a growth unit (often a single molecule).
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Growth regimes
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FIGURE 15.7 Illustration of attachment of growth units onto nonroughened crystal faces.
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Growth regimes
Spiral growth. When growth is two-dimensional, it will stop after a full monomolecular layer has formed. A flat surface then results and nucleation are needed again to induce growth. Especially at low values of ln β, where the nucleation rate is low, this will greatly slow down crystal growth.

Steps on a crystal face may also be caused by dislocations, most of which are due to inclusion of a foreign molecule or tiny particle in the crystal lattice. Some of these defects, called screw dislocations, tend to remain while molecules are attached in the step, to form a growth spiral, illustrated in Figure 15.8; such spirals can often be observed by microscopy, on growing sucrose crystals. The spirals greatly enhance crystal growth rate. A calculated curve (S) is in Figure 15.6 (the calculation is for the combined effect of spontaneous nucleation and spiral growth). The number of screw dislocations greatly depends on the purity of the system, and it is well known that very pure solutions tend to give very slow crystal growth. The number also depends on the crystal face.
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Growth regimes
Also for spiral growth, the rate can be enhanced by surface diffusion. Figure 15.6 gives a calculated example (curve S + D), but it should be noted that there is no agreement among researchers on the importance of this effect.

Spiral growth is quite common in practice, and the growth rate then would be probably somewhere between the curves N + D and S + D. It should be added that Figure 15.6 gives examples and that the actual growth curves within each regime vary widely among systems, as discussed in the next section.
Slaid 30
Growth regimes
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FIGURE 15.8 Illustration of the development of a growth spiral on a crystal face; stages 1–4.
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Factors affecting growth rate
The linear growth rates of crystal faces vary enormously. Some approximate examples of the average rate for crystallization from solution are
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The rates generally vary between the faces of one crystal, and it is not uncommon that some faces do not grow at all under some conditions. Below, the main variables affecting growth rate are discussed.
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Factors affecting growth rate
Transport to the crystal surface. It is the supersaturation at the crystal surface that is determinant and that may be below the average value. If the rate of attachment to the crystal is high, the diffusional transport may be too slow to keep up with the local depletion of solute, and the rate of crystallization will be diffusion limited. If (mild) stirring enhances the crystallization rate, there is diffusion limitation. A clear example is crystallization of sucrose during sugar boiling. Even when stirring, diffusion has to occur through a laminar boundary layer, thickness about 10–100 μm.

If the rate of attachment is small, the system tends to be ideally mixed, and the crystallization rate then is reaction limited or interface controlled. Of course, intermediate situations can occur. In food processing and storage, most crystallization is reaction limited. In foods of high viscosity or with narrow pores through which the solute has to move, diffusion may be the limiting step.
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Factors affecting growth rate
Crystallization regime. This has been discussed in the previous section. It should be realized that properties of the crystal primarily determine which regime applies. This concerns (a) the magnitude of the various bond energies between the molecules in the crystal and (b) the concentration and the nature of dislocations present, screw dislocations in particular. The latter greatly depends on the impurities present. The density of screw dislocations tends to vary between crystal faces.
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Factors affecting growth rate
Fitting difficulty. When argon crystallizes (say, at – 200 0C), there is no difficulty of incorporating the perfectly spherical atoms in the crystal lattice. If an atom arrives at a vacant site it will always fit. For most molecular crystals the situation is quite different. Consider a sugar molecule, say a disaccharide. If it arrives at a vacant site on a crystal, it has to be in a specific orientation to become incorporated; otherwise it will probably diffuse away. This will markedly slow down the growth rate. Another property of many, especially large, organic molecules is that they can assume various conformations, and only one of these will fit in a vacant site. This phenomenon also decreases growth rate. A clear example of fitting difficulty is given by triglyceride molecules, which can assume many conformations. The loss in entropy upon crystallization is very large. Figure 15.9 gives data on the growth and the dissolution rates of (a face of) a trilaurin crystal. Dissolution does not involve any fitting difficulty. If the same were true for growth, the growth curve would just be an extrapolation of the dissolution curve, but it clearly is not. For small values of (ln β), the difference in slope is by about three orders of magnitude.
Slaid 35
Factors affecting growth rate
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FIGURE 15.9 Rate of growth and dissolution LC of a certain crystal face of a β crystal of trilaurin in triglyceride oil as a function of supersaturation (ln β).
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Factors affecting growth rate
Desolvation. Solute molecules or ions can be solvated, which means that one or more solvent molecules are associated with the solute. This is especially true for ions or ionized groups in aqueous solutions; the solvation (in this case hydration) then is due to ion–dipole interactions, which are fairly strong, particularly for positive groups (cations). Before an ion can be incorporated into a crystal lattice, desolvation has to occur. This implies a temporary increase in free energy, causing an activation barrier for crystallization. This will slow down the crystallization rate.
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Factors affecting growth rate
Competition. It often happens that some kinds of ‘‘foreign’’ molecules fit more or less in a vacant site in the crystal. These molecules then compete with those of the crystallizing species for attachment sites. Generally, an incorporated foreign molecule locally prevents further crystallization, and it has to move out before a truly fitting molecule can fill the site. The overall result is slowing down the crystallization. We will illustrate the phenomenon for the crystallization of lactose. Lactose is a reducing sugar, and in solution the α and β anomers are in equilibrium with each other. The crystallization of α-lactose monohydrate, the most common crystalline form, has been studied in detail. Figure 15.10 depicts a crystal as formed at low supersaturation. It has a very strange shape.
Slaid 38
Factors affecting growth rate
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FIGURE 15.10 Common shape of an α-lactose monohydrate crystal. The crystallographic axes (a, b, and c) and the Miller indices of the faces are given.
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Crystallization from aqueous solutions
Crystallization in aqueous systems is by far the most common case in foods and food processing. Either water or the solute(s) can crystallize, and in some cases both. We will in this section primarily consider crystallization of a single solute. The formation and properties of ice are briefly discussed.

Slaid 40
Ice
Solidification. When pure water is cooled to below 0 0C and heat is continuously removed, all of the water will crystallize (assuming for the moment that ice nucleation occurs readily). This is a case of crystallization from the melt, often called solidification. Crystallization is a cooperative transition and it completely occurs at the equilibrium temperature, 0 0C.

In all foods, the water contains solutes, but the ice formed will have the same crystal structure as that formed from pure water.
Slaid 41
Ice
Crystal structure. Water can solidify in eight different stable modifications or enantiotropic polymorphs. Seven of these form at very high pressures—generally above 200 MPa—and need not be considered here. The ice formed under common conditions is called ice I; the crystal system is hexagonal. The unit cell contains four water molecules; these are for the most part kept together by hydrogen bonds, leading to a fairly open structure, as is reflected in the low density. The other crystal modifications have far higher densities.

Hydrogen bonds are fairly strong; according to Table 3.1 they are of the order of 10 RT or 22 kJ per mole. In ice, every molecule is H-bonded to four neighbors, in water to about three. The latter value is high, and also the melting temperature of ice is high, for such a small molecule. The relatively open structure (low density) of ice is also due to hydrogen bonding. The energy of these bonds is strongly dependent on bond angle, and to minimize the free energy the molecules in ice are so oriented that the bonds (O—H…O) are almost linear.
Slaid 42
Ice
‘‘Anomalies.’’ Figure 15.11 gives some properties of water at low temperature. It is seen that water has its maximum density at 4 0C, and that also below 0 0C density keeps decreasing with decreasing temperature. The density of ice is lower, as explained above. Also the strong increase of the viscosity of water at decreasing temperature, despite the decrease in density, is uncommon. So is the strong increase in Cp at low temperatures. All these phenomena have to do with the particularities of hydrogen bonding, but we will not go further into possible explanations.

The anomalies have some important consequences. The expansion of the system due to ice formation can cause high pressures. Nearly everybody knows about the bursting of water pipes that become frozen. 
Slaid 43
Ice
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FIGURE 15.11. Some properties of ice and (undercooled) water as a function of temperature. Given are mass density ρ, viscosity η, and specific heat at constant pressure Cp, all at atmospheric pressure.
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Ice
Impurities. Water is never absolutely pure. For one thing, it contains H+ (or H3O+, rather) and OH-. Upon crystallization, most of these ions form H2O, but some ions remain; the concentration of each in ice is about 10-10 molar. This gives ice a finite electrical conductivity. Air is another impurity that is nearly always present. Upon freezing, the remaining water becomes gradually more supersaturated, often resulting in the formation of air bubbles in the ice.

Particulate impurities are needed for heterogeneous nucleation, and these are always present (natural waters tend to start freezing at, say, - 1 0C). The formation of air bubbles is also dependent on impurities, some of which may contain a tiny air pocket; some natural ice is opaque, due to the numerous small bubbles it contains. Other impurities, be they dissolved substances or particulate matter, can greatly affect the size and morphology of the ice crystals.
Slaid 45
Ice
Growth rate. The growth of ice from ‘‘pure’’ water is not diffusion limited: the crystal is bathed in water molecules. The growth rate then is expected to be proportional to - Δμ, hence to (Teq  - T). Moreover, there is no competition, and the fitting difficulty of water molecules is only slight.

Growth will be very fast, some cm s-1 at 10 K undercooling. In the presence of solutes, growth rate can be much reduced. Most substances that are well soluble in water do this, and at high concentration (as will occur when most of the water has become frozen) the growth rate may be decreased by, say, two orders of magnitude. 

The solute causes a freezing point depression, and at the same temperature the undercooling will be smaller for a higher molar solute concentration.

The absolute value of Δμ will be smaller, since now the water activity is decreased, the more so for a higher molar solute concentration.
Slaid 46
Ice
Dendritic growth. Occasionally, ice crystals exhibit the formation of slender protrusions or dendrites. A crystal surface will often be slightly irregular, and a local bulge may occur. In most cases, heat of crystallization will be removed predominantly through the ice, because of its relatively high thermal diffusivity. This means that the bulge will be at a somewhat higher temperature than the adjacent flat surface, causing its growth to become retarded; the interface will become flat again. If the ice crystal face is in contact with undercooled water (or solution), an opposite temperature gradient is formed. At the crystal surface the temperature equals Teq; further into the liquid it is lower by a few kelvins. Now a bulge will grow faster, because its heat of crystallization can be more readily removed than that at the flat surface. This means that the bulge develops into a longer protrusion, thereby further increasing the difference in temperature and hence in rate of growth. In this way several dendrites are formed at the crystal surface.
Slaid 47
Ice
Crystal size and shape. As mentioned, ice I crystallizes in the hexagonal system, and ice crystals can occur in a wide variety of shapes, with a typical threefold symmetry. Such shapes are primarily found in snowflakes; the explanation is somewhat similar to that for the formation of dendrites. During the freezing of liquid foods, simpler forms generally result. Hexagonal plates or prisms can be observed, but small crystals tend to have rounded shapes. The crystals often are fairly small; for example, a typical ice crystal in ice cream may be 40 mm. This may be due to substances inhibiting growth rate: since these generally do not inhibit nucleation, as mentioned, many nuclei can form before much ice has formed, and small crystals result.
Slaid 48
Ice
Sintering. The Hamaker constant for ice in water (A11(3)) is small, about 0.04 times kBT. For crystals of several mm in radius, the van der Waals attraction would be large enough to cause their aggregation. Ice crystals will cream, forming a layer. Touching ice crystals will readily sinter when crystallization is not yet complete. They can then form a polycrystalline mass, such as depicted in Figure 15.1c. In much dispersion of ice crystals, the latter are clearly separate from each other. This may be due to colloidal repulsion between crystals. Several substances can presumably adsorb onto ice, like proteins and ions, providing steric and electrostatic repulsion. 
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Phase diagrams
Eutectics. Figure 15.12 gives a partial phase diagram of the binary mixture D-fructose and water. The solid curves given are called coexistence lines. Such a line gives the boundary between two phases; on any point on the line these phases are in equilibrium with each other. The diagram shows four different phases and five regions. The region below the broken line denotes a mixture of two phases: ice crystals and fructose . 2H2O crystals. The diagram also has two coexistence points (C and D) where three phases are in equilibrium.
Slaid 50
Phase diagrams
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FIGURE 15.12. Partial phase diagram of the mixture water and D-fructose. T is temperature; ψ is mass fraction of fructose; the subscript e refers to the eutectic point.
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Phase diagrams
Cooling curves. Figure 15.13 gives examples of the temperature evolution resulting when heat is removed at a constant rate. The graph would apply to a small amount of material and slow heat transfer rate, since otherwise significant temperature gradients in the sample will result, leading to complex relations.

We will first consider pure water (curve W). Starting at A, the temperature will fall almost linearly with time, since the specific heat of water hardly changes over the temperature range involved (see Figure 15.13). Cooling goes on to a point B where T is clearly below the freezing point (0 0C). This is because undercooling is needed to cause ice nucleation. It will greatly depend on the purity of the water and on the rate of cooling at what temperature nucleation, hence freezing, will start. Because of the release of heat of crystallization, T will increase to 0 0C (point C), and it will remain at that value until all of the water is frozen (F). Subsequently, the ice will cool at a rate about twice that of water, because of its smaller specific heat.
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FIGURE 15.13. Examples of cooling curves for water (W) and an aqueous solution (S). The rate of heat removal (J kg-1 s-1) is constant. T is temperature, t is time. Te is eutectic and Tf initial freezing temperature of the solution. Broken lines denote hypothetical relations if no undercooling were to occur.
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When crystallization from solution is desired, the first thing one wants to know is the solubility of the solute as a function of temperature. For ideal solutions, this relation can be calculated by the Hildebrand equation (2.9) from the heat of fusion and the fusion temperature of the solute. Sugar solutions are strongly nonideal, and solubilities have to be determined experimentally.
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Figure 15.14 gives some solubility–temperature curves. The relation can be simple, as for sucrose, but for most sugars it is more complicated. Consider glucose: either the α- or the β-anomer can crystallize, the former as a monohydrate or in anhydrous form. When starting with an equilibrium mixture of 80% glucose at 40 0C, part (about 30%) of the glucose will be crystalline, and that as α-monohydrate. When increasing the temperature rapidly to 60 0C, the solubility of the monohydrate would probably still be surpassed, as indicated by the extrapolated broken line. The solubility of the anhydrous form is lower. What will happen is that the hydrate dissolves and that some glucose crystallizes in the anhydrous form (provided that nucleation occurs within a reasonable time), until all of the hydrate has disappeared. Cooling again will lead to the opposite: the anhydrous form dissolves and monohydrate crystallizes. Similar changes can occur near 90 0C, where changes from the α- to the β-anomer are possible.
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FIGURE 15.14. Solubility, expressed as mass fraction ψS, of some sugars in water as a function of temperature T. α and β refer to different anomers, H to monohydrate, and DH to dihydrate.
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Figure 15.15a gives further details for sucrose. It is useful to express the concentration in kg (or moles of) solute per kg water, especially if more solutes are present. By plotting log concentration against temperature, approximately straight lines are often obtained. The curves divide the diagram into various domains. For a supersaturation ratio β < 1, the solution is undersaturated and no crystallization will occur. For β > 1.3, in the domain designated ‘‘labile,’’ crystallization occurs spontaneously. In the metastable domain, crystallization does not occur within a reasonable time, and in the intermediate domain crystallization depends on the time available and on the purity of the solution.
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FIGURE 15.15. Solubility and supersaturation of (a) sucrose and (b) lactose. X is concentration in kg per kg water, β is supersaturation ratio.
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Fat and oils are mixtures of triacylglycerols—or triglycerides, for short—where oils are liquid at room temperature and fats are apparently solid. In fact, a fat is always a mixture of triglyceride crystals and oil. Many foods contain fat, and fat crystallization is an important phenomenon. It largely determines the following important properties.

Mechanical properties of ‘‘plastic’’ fats and of high-fat products (butter, margarine, chocolate) during storage and handling. This concerns especially yield stress—in relation to stand-up during storage and firmness or spreadability during handling—and fracture properties.
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Eating properties. This may concern, again, yield or fracture properties, and also stickiness (observed when small fat crystals do not melt in the mouth), and coolness (due to the heat of fusion consumed during melting in the mouth).

Physical stability of some foods. This concerns, formation and sedimentation of crystals in oil, oiling off in plastic fats and related products, (prevention of) coalescence of aqueous droplets in butter and margarine, and partial coalescence in some O–W emulsions.

Visual appearance, such as the appearance of bloom on chocolate (tiny white fat crystals appearing on the surface); gloss of chocolate and margarine; and turbidity in oils. All of these properties can change during storage.
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Natural fats are always mixtures of a (great) number of different triglycerides and therefore have a melting range, generally spanning several times 10 K.

Several of the different triglycerides are nevertheless quite similar in molecular structure. This leads to the extensive formation of compound crystals (solid solutions).
Slaid 61
Melting range
Natural fats always contain several different fatty acid residues. If the number of these is given by n, the possible number of different triglyceride molecules (including stereoisomers) equals n3. Since several natural fats contain well over a hundred different residues (especially milk fat and fish oils), the number of different triglycerides can be enormous, but most of these are present in trace quantities. More realistically, the number of triglycerides in significant quantities will mostly be 10–100. In most fats, the distribution of fatty acid residues over the molecules is neither fully random nor fully ordered.
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The first two causes mentioned are also responsible for the slowness of fat crystallization. All of them contribute to the nonequilibrium state that is common in nearly all fats.

Nucleation, including that of fat crystals, has been discussed in Chapter 14. Growth rate is discussed in the present chapter, especially in relation to Figures 15.8 and 15.11. 
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Pure triglycerides. To understand something of natural fat crystallization, we need to know some properties of pure triglycerides. Some data are given in Table 15.2.

We will start with uniform triglycerides, in which the molecules contain only one species of fatty acid residue. The table gives melting points of the constituent fatty acids as well as of the triglycerides. Notice that there is a fair correlation between the two, although the range is markedly wider for the triglycerides (about 150 K). There is also a fair correlation between melting point and heat of fusion. The latter values vary more widely if the molar heat of fusion is taken. The variation in melting properties then follows from the variation in the fatty acid molecules. The most important variables are: 
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1. The number of carbon atoms. The higher it is, the higher are Tm and ΔHf. The larger the molecule is, the greater the gain in conformational entropy upon melting, and the greater the melting enthalpy.

2. The presence and the number of double bonds. Crystallization of paraffinic compounds is difficult but occurs easiest if the chains can assume a linear zigzag conformation. A chain with a cis double bond cannot do this: it tends to form a bend (see Figure 15.19b, SOS). This makes crystallization more difficult. The effect will be greater for more double bonds. The series SSS–OOO–LiLiLi–LnLnLn.

3. Double bond configuration. A trans double bond allows the formation of an almost straight chain and hence causes a smaller difference in melting properties than a single cis bond; SSS, EEE, and OOO.
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4. Position of the double bonds in the chain. The most important effect is that two conjugated cis double bonds (- CH = CH – CH = CH -) can give a more nearly straight chain than two nonconjugated ones (- CH = CH - CH2 – CH = CH -), the common form in natural fats. Hence the former one crystallizes more readily (higher melting point).

5. Branching of the chain tends to cause an appreciably lower melting point. Moreover, modified fatty acid residues occasionally occur, containing an - OH group.
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Table 15.2 also gives data for some mixed triglycerides (not to be confused with a mixture of triglycerides). The melting point and the heat of fusion are generally smaller than the ‘‘average’’ of the corresponding uniform triglycerides. 

It is also seen that symmetric molecules, like POP, crystallize more readily than asymmetric ones, like PPO. Large differences in chain length (as in PPB) have a strong effect. It should finally be mentioned that the data on the enthalpy of fusion are subject to uncertainty; various authors give values that may differ by several percent.
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Simple mixtures. In natural fats, triglycerides do not crystallize from the melt but from solution. The higher melting species are dissolved in the lower melting ones.

Figure 15.16 gives a calculated example for a mixture of equal parts of tristearin (SSS) and triolein (OOO).

The final melting point is not the 73 0C of the SSS, but 69 0C. At 45 0C the solubility of SSS has decreased to virtually zero. (Cooling to 5 0C would lead to crystallization from the melt of OOO, assuming equilibrium to be reached.) Experimental results agree well with the calculations, indicating that triglyceride mixtures can show virtually ideal solution behavior.
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FIGURE 15.16. Melting curves. Mass fraction solid ψS as a function of temperature for a number of fats and for an equimolar mixture of tristearin and triolein. The curves are observed when warming up slowly after the fats have been cooled to a low temperature.
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Natural fats. Figure 15.18 gives some examples of melting curves. The natural fats are cacao bean fat, generally called cocoa butter, and milk fat. Although they have about the same clear point, they vary greatly in melting curve. Cocoa butter consists for a very large part of high-melting triglycerides (fatty acid pattern: > 60% P + S, > 30% O), leading to a narrow melting range for most of the fat: about 70% over 10 K. This gives cocoa butter a special property: it behaves like a solid at room temperature (25 0C) and it is fully liquid at body temperature. This is very desirable when handling and eating chocolate (consisting of cocoa particles and sugar crystals embedded in cocoa butter); it also makes the fat quite suitable as a base for lipstick. Milk fat has a far wider compositional range (fatty acid pattern from C4:0 to C18:0 + about one third unsaturated). Consequently, its melting range spans about 80 K, and its properties vary gradually with temperature.
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These fats represent two extremes. Many animal body fats have a melting pattern more or less comparable to milk fat. Some vegetable fats, like palm oil and coconut oil, behave like cocoa butter (here the word oil is a misnomer since the clear points are about 40 and 30 0C, respectively). A third type includes most vegetable oils, like sunflower, soybean, and peanut oil, that contain a high proportion of polyunsaturated fatty acid residues; marine oils also are in this category. They generally have clear points in the range - 5 to 5 0C. Melting curves can vary greatly for one and the same type of fat; shifts in the curve over 10 K are often observed. Following are the main causes.
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Modification. Natural fats can be modified to give them desirable crystallization properties. The most applied methods are as follows. Hydrogenation (or hardening), saturation of (part of) the double bonds. This is frequently applied to vegetable and marine oils. An example is the vegetable shortening in Figure 15.18. It is seen that ψS changes weakly with temperature, which points to a very wide compositional range. This is indeed the case, also because simple hydrogenation not only saturates double bonds but also induces shifts in double bond position and cis–trans isomerization. 
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More directed hydrogenation is also possible, and an example is the margarine fat in the figure. Here the aim is to have the proportion solid at a constant level of about 0.4 in the range of 5–25 0C, this to keep the firmness constant. It is seen that this is indeed better the case than for the shortening or the milk fat.

Interesterification leads to a (more) random distribution of fatty acid residues over and in the triglyceride molecules. Depending on the natural configuration of triglycerides, it can lead to a higher or to a lower fraction solid at room temperature. Fractionation can be achieved by letting a fat partly crystallize at a given temperature and then separating the crystals from the remaining oil. Of course, the opposite is also applied, the blending (mixing) of various fats and/or oils.
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Imagine the following experiment: a fat is melted, at 40 0C, and a little of the molten material is sucked into a thin capillary, which is then put in ice water. It is observed that the contents turn turbid within a minute; this is due to crystallization of part of the fat. The capillary is now brought to a higher temperature, 20 or 25 0C, and it is observed that the contents become clear (implying that the crystals have melted); but they soon become turbid again. The crystals now formed melt at a higher temperature, 35 0C. This seems to indicate that the material shows double crystallization and melting. It should be realized, that it concerns a natural fat, containing several triglycerides, and some of these may have a low clear point while others have a high one. Polymorphism is of great practical significance, and it has been extensively studied. Although the old division into three (main) forms is still useful, it has been shown that the crystallization behavior is more complex.
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Crystal structure. All substances with long paraffinic chains (fatty acids, alcohols, and mono, di, and triglycerides) show about the same geometries of chain packing in crystals. These are characterized by a subcell, a part of the unit cell containing two C-atoms of each chain in it. The most common subcells are illustrated in Figure 15.17a. In the hexagonal one (typical for a crystals), each chain is surrounded by six others at equal distances. Here the chains have some freedom to move, both rotationally and by ‘‘wiggling’’; there is partial disorder. The orthorhombic subcell (common in βʹ crystals) shows denser and more perfect packing. Notice that the (vertical) planes through the zigzag of the chains are perpendicular to each other. In the triclinic subcell (always found in β crystals) the packing is densest. The zigzag planes are now in the same direction, but the direction of the C - C bonds at the same horizontal level alternates. Actually, other subcells can occasionally be observed; the total seems to be nine. The subcells are characterized by the repeat distances of the chains, and these can be derived from x-ray diffraction (also called x-ray scattering).
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FIGURE 15.17. Crystal structure in various polymorphs. (a) Packing modes of paraffinic chains. The straight lines indicate the cross section of the subcell. (b) Packing modes of triglyceride molecules.
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Transitions. Table 15.3 gives the molar entropy of fusion of the three polymorphs of SSS. It is seen that the values increase when going from α to βʹ to β, which presumably means that the conformational freedom of the chains decreases in that order (probably being about zero for the β-form).

For triglycerides containing unsaturated chains and for mixed triglycerides, the variation in ΔSf among polymorphs is even greater. All this means that α crystals tend to form easiest (at least if the temperature is below the α clear point); this is because the constraints imposed on the molecules upon incorporation in the crystal lattice are less severe than for the other polymorphs.
Slaid 78
Polymorphism
[image: image21.png]TABLE 15.3 Some Properties of the Three Main Polymorphic
Modifications of Tristearin

Modification
Property o B B
Crystal unit cell hexagonal  orthorhombic  triclinic
Main short spacings, nm 0.415 0.38; 0.42 0.46
Melting point, “C 55 63 73
Enthalpy of fusion, kJ - mol™" 110 150 189
Entropy of fusion, J-mol~'+ K~' 335 446 546

Melting dilatation, cm? - kg™ 119 167





Slaid 79
Polymorphism
The molar free energy of the other crystals is lower than that of  α: see Figure 15.18a. Only the β-form will be thermodynamically stable. This results in the α-form generally being transformed into one of the more stable polymorphs, even at constant temperature, while giving up heat.

In some cases, the β polymorph is not observed, for PPO. In other cases, some polymorphs can only form under special conditions. On the other hand, several triglycerides show more than three forms. An example is given in Figure 15.18b for SOS. Here also a γ-form is seen and two different β-forms. It depends on conditions, especially the cooling regime, what will happen in practice.
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FIGURE 15.18. Gibbs free energy G versus temperature T for liquid and various crystal forms of triglycerides. (a) General trend for the main polymorphs. (b) Observed trends for SOS. 
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A typical example of the changes occurring upon cooling and heating is given in Figure 15.19 for PPP. Upon cooling (curve 1), only the α-form results (but if the cooling is done slowly, the main form obtained will be βʹ).

On directly heating again (curve 2), the α crystals melt, subsequently β crystals form (+ a little βʹ), and finally β melts. If the heating is halted at 46 0C for 15 min, the α-form disappears, presumably changed into βʹ and some β. Heating then (curve 3) causes βʹ to melt (note the double peak, hence presumably two βʹ-forms), more β is formed, and finally β melts. It will depend on the triglyceride(s) present and on the temperature–time regime applied what precisely will happen, but the same principles apply.
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FIGURE 15.19. Differential scanning calorimetry of tripalmitate. The vertical axis gives the heat flow, + indicating exothermic and – endothermic flow. Curve 1: cooling from 80 to 30 0C. Curve 2: heating from 30 to 80 0C. Curve 3: after heating from 30 to 46 0C, the sample is kept for 15 min at 46 0C, then heated to 80 0C. C: crystallization peak. M: melting peak.
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Another example is cocoa butter. It consists for 80–85% of the triglycerides POP, POS, and SOS, which are very similar molecules that form compound crystals, even in the β-form; the molecules will then be packed as depicted in Figure 15.17b, SOS. Figure 15.16 gives an example of the melting curve, and it is seen that the curve is very steep above 25 0C, as is to be expected if most of the crystals have the same composition. The shape of the curve can, markedly depend on the temperature history. The composition of the fat can vary.
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Six polymorphic forms are generally observed, and some properties are given in Table 15.4. The common notation is from I to VI, in order of increasing melting point. In the present case, melting point is a reasonable term, since the crystals in one polymorph give a pretty sharp melting peak (on a DSC scan), almost like that of a single triglyceride; the γ-form tends to give a melting range. I–V can form from the melt and by transition from a less stable polymorph; the latter is the only route to obtain form VI. It should be added that cocoa butter also contains 2–3% trisaturated triglycerides, which crystallize separately from the main group. Most other triglycerides remain liquid, even below 20 0C.
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Cocoa butter is an essential component of chocolate, and its crystallization is of substantial importance for the quality of the product, which should be firm and smooth (both visually and in the mouth) and melt rapidly to provide a sensation of coolness. A problem can be the formation of bloom: this consists of whitish patches on the surface, which are due to the slow formation of largish crystals (consumers may think that it is mold growth). It arises from slow recrystallization, especially due to the transition from form IV to V. 
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The way to circumvent this is tempering. In the present context this implies (a) rapidly cooling the liquid (the ‘‘chocolate mass’’) to 15 0C or lower and keeping it there for some time, which ensures that nucleation is fast and that many small crystals form; (b) warming to a temperature just below the melting point of form V and keeping it there for at least an hour; and (c) bringing the chocolate to room temperature. Such a process leads to small crystals, nearly all of which are in form V. Some bloom can still slowly form via the transition V -> VI, particularly when the storage temperature is above 25 0C or when temperature fluctuations occur.
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Binary mixtures. Compound crystals have been best studied for binary mixtures in the most stable polymorph, generally β, occasionally βʹ. Examples of phase diagrams are given in Figure 15.20. The most common situation is a eutectic mixture, where no compound crystals are formed, as depicted in (a). The situation is the same as was shown in and discussed in relation to Figure 15.12. If the two kinds of molecules are very similar, as in Figure 15.20b, a solid solution can be formed, compound crystals in a range of compositional ratios, which range may be from 0 to 1. This situation will be further described below. A third situation is illustrated in Figure 15.20c. Here the two components behave as a eutectic mixture, except for molar ratios very close to unity, where compound crystals in the β-form can form. For completeness, in cases like (a) and (c), compound crystals can form during crystallization in a less stable polymorph, but they will soon transform into the most stable polymorph and then give the phase diagrams shown.
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FIGURE 15.20. Approximate examples of phase diagrams of binary mixtures of triglycerides, indicated in each frame. The vertical axes give temperature (0C), the horizontal axes the mole fraction of the second triglyceride indicated. L is liquid, crystals are indicated by β or βʹ, and subscript C signifies compound crystals.
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Multicomponent fats. Compound crystals will be particularly abundant in fats of a wide compositional range. The following argument may explain this. Assume that a fat contains 10 different, but closely similar, species, that each has about the same mole fraction (say, 0.02), enthalpy of fusion (100 kJ  mol-1) and melting point (320 K) yields a clear point of 290 K. 

In other words, the driving force for crystallization is far greater for the compound. The reasoning given is not fully correct, since the melting point and the molar heat of fusion of the compound will be somewhat lower than presumed, but its supersaturation will nevertheless be much larger than the average values of its components.
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Polymorphic transitions. In many cases, α crystals form first upon cooling of a liquid fat, because nucleation is easiest in the α-form. In fats of relatively homogeneous composition, the α-form is short-lived; it may even within a minute be transformed into βʹ. The βʹ-form generally has a longer lifetime. In multicomponent fats, α crystals tend to live much longer, and it is no exception that (part of the) βʹ crystals remain almost indefinitely. Again, the greater supersaturation for compound crystals causes the driving force for transition to be small or even negative. Moreover, the transitions α -> βʹ -> β must go along with a change in crystal composition, since compound βʹ crystals can host fewer different molecules than α, and compound β crystals hardly exist. This also implies that the polymorphic transitions are not true solid-state transitions: they have to proceed via the liquid state. This will also hinder changes in polymorphic form, especially if very little liquid phase is left (at low temperature).
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Solid solutions. It is now well established that in a multicomponent fat true solid solutions involving many different triglycerides can be present. The phase diagram would be comparable to that depicted in Figure 15.20b. The number of components n will be (much) larger than two, and the phase diagram would be n dimensional. This does not necessarily imply that it concerns one continuous series of compound crystals over the whole temperature range. Crystals containing different groups of triglyceride may be present at the same time or at various temperature ranges.

The presence of solid solutions has some important implications, as will be illustrated for a highly simplified example of two components, depicted in Figure 15.21. Assume that we have a liquid fat of composition a3 at temperature T1. Cooling it to T2, crystals will form (provided that nucleation occurs). Now a liquid phase of composition a2 will result and a solid phase (crystals) a5.
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FIGURE 15.21. Hypothetical phase diagram of a binary mixture forming a solid solution over the whole compositional range. The X-axis gives the mass fraction of the higher melting component. For situations between the liquidus and the solidus curve, a mixture of liquid and solid (compound crystal) material is present.
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Consequences. An example of experimental results is given in Figure 15.22. Here the fat had been cooled in two steps, about the regime just discussed. It is seen that the differential melting curve has two maxima, a few kelvins above the crystallizing temperatures applied. It is also seen that these two maxima disappeared upon storage of the fat. This cannot—or more precisely, cannot only—have been due to polymorphic transitions, since these invariably cause the melting temperature to increase. In the figure we see that the new peak is at a lower temperature than the original second peak. It is also seen that the area under the curve, the amount of fat melting, increased during storage.
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FIGURE 15.22. Differential melting curve (expressed as % of the fat melting per K temperature increase) for a milk fat sample. The fat was held for 1 day at 19 0C and then at 10 0C for 2 h or 8 days.
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The following phenomena can be seen as consequences of the occurrence of solid solutions in the fat.

1. The melting range is narrowed. If two multicomponent fats of different melting range are mixed in the liquid state and then cooled, the differential melting curve of the mixture is observed to be narrower than the average of the melting curves of the original fats. The initial melting point is higher and the clear point is lower, and the shape of the curve tends to be significantly altered.

2. The temperature at which most of the fat melts depends on the temperature at which crystallization took place, as discussed.

3. Crystallization in steps of decreasing temperature gives less solid fat than direct crystallization at the lowest temperature. Taking the example of Figure 15.21, crystallization at T3 gives a fraction solid of whereas crystallizing in steps at T2 and T3.
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4. Precooling to a lower temperature before bringing to the final temperature gives more solid fat than direct cooling to the latter. This can be reasoned by making a similar calculation as in point 3, and it is discussed below with respect to Figure 15.23b.

5. Unstable polymorphs have a (much) longer lifetime than those of pure triglycerides. Polymorphic transitions go along with changes in crystal composition.

6. Within one polymorph, changes in crystal composition can occur during storage at constant temperature (Figure 15.22). Such changes proceed (much) slower at a lower temperature.
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FIGURE 15.23. Cooling and heating curves of milk fat: mass fraction solid (ψS) versus temperature (T). Cooling at each temperature (5 K intervals) for 24 h; after keeping for 24 h at 0 0C, heating to the higher temperatures for 0.5 h. The α clear point of the fat was about 20 0C. (a) Fat emulsified (droplet volume about 1 μm3); (b) the same fat in bulk.
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Nucleation. This is the subject, nucleation of triglyceride crystals is particularly discussed. We may conclude that nucleation will generally be heterogenous and occur in the α-form.

When an oil is cooled to, and kept for a while at, a temperature between the α and the βʹ clear point, nucleation in the βʹ form will generally occur. The nucleation rate is greatly dependent on monoglyceride content, and these substances presumably form catalytic impurities. Monoglycerides may readily form inversed micelles in the presence of a trace of water, and the micelles are possibly transferred into a crystals. Whether micelles or crystals form the catalytic impurities is unknown. Monoglycerides in fats arise for the most part from lipolysis, hydrolytic splitting off fatty acids from tri and diglycerides. The fatty acids are often removed from industrial fats by washing with an alkaline solution, but this leaves the monoglycerides.
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In previous section secondary nucleation is discussed, with particular reference to triglycerides. It is obvious that copious secondary nucleation can occur in multicomponent fats, at least at high supersaturation. The condition seems to be very slow crystal growth, while nevertheless the growth regime is ‘‘kinetic roughening’’; the latter implies a high supersaturation.

This situation can arise in multicomponent fats owing to the fierce competition between different molecules for incorporation into the crystal. Secondary nucleation appears to be abundant in milk fat, occurs to a lesser degree in a typical margarine fat, and is presumably absent in cocoa butter. The phenomenon is quite important in practice, since it greatly reduces average crystal size formed.
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Crystal growth. Triglyceride crystal growth tends to be very slow. To obtain reasonably fast crystallization, the supersaturation needs to be high. Fortunately, this can often be realized (Figure 15.19), because of the high values of the molar heat of fusion and of the molar mass of the solvent. (Can you explain the relation?)

It may be realized that ln β = 4 corresponds to a supersaturation ratio of 55. At high ln β values, the crystals formed tend to be small and of platelet shape (length : width : thickness = 10 : 3 : 1, or even more slender).

Although crystal growth tends to be slower for a wider range of crystallizing triglycerides, the extent of secondary nucleation tends to be higher as well, still causing the crystals formed to be small. At very high ln β values, crystal growth can be in the regime of kinetic roughening for some of the crystal faces, which then will become curved.
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Recrystallization. Equilibrium is rarely reached in partially solid fats. It is quite common that changes occur after the crystallization apparently is finished (no measurable change in fraction solid within, say, an hour). Such recrystallization tends to be slower for a smaller fraction of liquid fat, which often means a lower temperature. Recrystallization can involve change in polymorph, change in the composition of compound crystals, or both. 
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Two extremes on a scale of situations will be discussed. In a fat of very simple composition, like cocoa butter (only a few crystallizing triglycerides of very similar molecular structure), crystallization phenomena closely resemble of a pure triglyceride in oil. Recrystallization primarily involves a change in polymorph(s), as indicated in Figures 15.17 and 20. Generally, the α-form is very short lived, but further transitions tend to be slower. The β-form is often reached. Presumably, the changes are solid-state transitions, which implies that crystal size remains as it was. In some fats, especially if the triglyceride has chains of different lengths, the βʹ-form is persistent, except—of course—when the temperature comes close to the βʹ clear point or above.
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Multicomponent fats, like milk fat, have a wide melting range, and secondary nucleation is common, as discussed. Moreover, the polymorph may at low storage temperature persist for a long time. The β polymorph forms hardly, if at all. All this means that most of the crystalline fat is generally in compound βʹ crystals. As discussed, equilibrium (within this polymorph) will rarely exist, and even if it is reached (which may take weeks or even longer), it is disturbed when the temperature is changed. It is commonly observed that temperature fluctuations lead to significant changes in the melting curve.
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Nucleation, growth and recrystallization
Estimation of the fraction solid. We have seen that the proportion of the fat that is solid, ψS, can greatly depend on the temperature history of the fat. It can also markedly depend on the method of estimation applied. A classical method is calorimetry, where the heat of melting per unit mass (ΔHf) is measured. But this value varies significantly among triglycerides, as shown in Table 15.2; it roughly parallels the melting point. Since a constant (average) value is taken, this means that the resulting ψS is significantly biased: at the low temperature end of the melting range ψS is overestimated, at the high end underestimated.
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Nucleation, growth and recrystallization
Another classical method is dilatometry, based upon measurement of the melting dilatation. The magnitude of the latter is subject to a similar variation as the melting heat, and a similar bias as in calorimetry results. Moreover, the method is time-consuming. The most convenient and rapid method is calorimetry in a differential scanning mode (DSC), but this gives the additional problem that the base line (hence the values of the specific heat to be subtracted) is often quite uncertain, especially for a wide melting range.
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Recapitulation
The crystalline state. In principle, the packing of molecules in a crystal shows perfect order. Seven different packing types or crystal systems can be distinguished, based on the geometry of the unit cell. This is the smallest volume element that comprises all geometric information; it usually contains one or two molecules. A unit cell is characterized by the length of its three axes and by the angles between them. The shape (habit) of a crystal results from the stacking of units cells. In this way the crystal obtains various faces, which are identified by their Miller indices. Which faces are formed and how large they become is determined by the relative rate of growth of each. The shape of a crystal can thus vary widely for one and the same unit cell, but the angles between faces are constant. Some properties of a crystal, particularly its birefringence, are determined by the shape of the unit cell.
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Recapitulation
Crystal growth. The linear growth rate of a crystal face depends on several factors. The first one is the growth regime. Incorporation of molecules on a smooth face is difficult and needs two-dimensional nucleation. However, the presence of certain types of imperfections or dislocations in a crystal gives rise to the formation of growth spirals, whereby the growth rate is greatly enhanced; this is a rather common

situation. In other regimes roughening of the crystal surface occurs, which also greatly enhances growth. Growth rate naturally increases with increasing supersaturation ln β, where β is the supersaturation ratio, but the relation varies with growth regime. Moreover, nonideality of the solution may strongly affect the effective supersaturation ratio, which is an activity ratio.
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Recapitulation
Crystallization from aqueous solutions. Pure water can freeze very fast after nucleation has occurred, because there is virtually no retardation mechanism acting. The freezing of water is exceptional in that it goes along with an increase in volume rather than a decrease. The physical properties of water show a number of anomalies at low temperature. Generally, water freezes from an aqueous solution. A phase diagram (temperature versus composition) then gives the phase transitions that will occur, assuming equilibrium. Most solutes give a eutectic diagram characterized by a eutectic temperature (Te) and solute concentration (ψe).

Crystallization of most sugars (but not sucrose) gives some complications because (α) crystals with or without water can form, and (β) because of the presence of two crystallizable anomers (α and β) showing mutarotation. The sugar will crystallize in the form that shows the highest supersaturation, which depends on temperature and composition. The presence of another, not crystallizing, anomer can greatly retard crystal growth by competition, and also strongly affect the crystal shape obtained. Lactose is a typical example.
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Recapitulation
Fat crystallization. The crystallization of fats, mixtures of triglycerides, shows a number of complications. In the first place, fats have a range of similar components of various melting properties, where the high melting species can dissolve in the low melting ones. The solutions show near ideal behavior, and the Hildebrand equation well predicts solubility. Melting temperature and heat of fusion are closely related. In pure triglyceride they depend mainly on (a) the chain length of the fatty acid residues, (b) the number and configuration (cis or trans) of double bonds in the chain, and (c) distribution of fatty acid residues in the triglyceride molecules, a more uneven and asymmetric distribution giving a lower melting point. Consequently, fats have a melting range. Natural fats vary greatly (a) in their clear point (final melting point), below 0 0C for most oils and up to 40 0C in plastic fats; and (b) in the wideness of the melting range, where milk fat (melting range from - 40 to 40 0C) and cocoa butter (most of the fat melting between 22 and 32 0C) are extreme examples. Moreover, fats can be modified, the most common treatment being hydrogenation (saturation of double bonds) of oils.
16 Glass transitions and freezing
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Glass transitions and freezing
Many foods of low water content are wholly or partly in a glassy (vitreous) state. This is of great importance for the mechanical properties and the physical and chemical stability of the food. A glassy state can also form in foods of high water content when the food is frozen, causing removal of liquid water by freeze concentration. Moreover, freezing can cause other changes that affect properties and stability. These phenomena are the subject of this chapter.
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Fundamentals
Definition. A glass is an amorphous solid showing a glass transition. Here a solid is defined as a material having an apparent viscosity (at the time scale involved) larger than a specified value, often 1012 Pa s, or 1015 times that of water. A solid can be crystalline or amorphous. An amorphous material does not show a regular periodicity in atom or molecule density, as illustrated in Figure 16.1. This can be established by x-ray diffraction: the diffractogram of crystalline sugar shows many sharp peaks that of amorphous sugar none. The glass transition phenomenon will be explained for a pure substance (a monomolecular liquid) with reference to Figure 16.2.
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Fundamentals
[image: image29.wmf]
FIGURE 16.1 Molecule density ρM, or the probability of finding the center of gravity of a molecule as a function of the distance from a central molecule in a given direction, for a crystalline and an amorphous solid consisting of the same (small) molecules.

Slaid 114
Fundamentals
[image: image30.wmf]
FIGURE 16.2 Illustration of the glass transition, as compared to a melting / crystallizing transition, of a pure nonpolymeric substance. The solid curves indicate equilibrium, the broken ones nonequilibrium states. (a) Specific volume (in m3 kg-1) as a function of temperature T. (b) Apparent viscosity ηa. (c) Heat (enthalpy) flow or effective specific heat; the positive direction signifies an endothermic change during temperature increase. Tg indicates glass transition, Tm melting/crystallization. Only meant to illustrate trends.
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Fundamentals
Polymers. As mentioned, the formation of a glass from a ‘‘simple’’ liquid, which means a liquid consisting of small molecules, is very difficult. Polymer glasses can form readily. As mentioned for starch, several polymer melts, as well as highly concentrated polymer solutions, can form crystallites—microcrystalline regions—below a certain temperature. Further cooling then does not lead to a greater proportion of crystalline material: as the crystalline fraction increases, it becomes ever more difficult for a (part of a) polymer chain to become incorporated in a crystallite, because its conformational freedom becomes ever more constrained. In practice, the crystalline portion will often be of the order of one-third. Still further cooling will then lead to a glass transition. Below Tg, part of the material will be crystalline, the remainder being glassy.
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Fundamentals
Starch is a common polymer in foods. In its native state it contains crystallites, and it shows a melting transition during gelatinization. After cooling, crystallites form again (retrogradation). In many foods, starch is in its gelatinized form. Figure 16.3a gives an example of Tg and Tm values. Native starch tends to have a higher Tg value at the same water content; compare Figures 16.3a and 16.5.
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FIGURE 16.3 Glass transitions in polymeric systems. (a) Melting temperature Tm and glass transition temperature Tg of gelatinized potato starch as a function of mass fraction of water ψW. The values at very small ψW are extrapolated. A Tg curve of glucose is also given. (b) Approximate relations between rheological properties of polymeric systems and temperature; elastic shear modulus G for a system where crystallites melt at Tm, and apparent viscosity ηa for a system without a melting transition.
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Mixtures. Figure 16.3a concerns mixtures of starch and water. In such a case, the solvent (water) acts as a plasticizer. It is seen that Tg (and Tm as well) strongly decreases with increasing water content, which also means that at a given temperature the viscosity will markedly decrease with increasing water content. Such behavior is also observed for glucose, the monomer of the starch polymer. This is primarily due to water molecules being smaller, hence more mobile, than glucose molecules. It is further seen that the values of Tg for the monomer are by about 75 K lower than for the polymer. Difference in mobility will, again, is the main cause. Generally, Tg of polymers increases with increasing degree of polymerization, n, but a plateau value tends to be reached for n ≈ 20.
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Fundamentals
Molecular mobility. In a glass the mobility of molecules presumably is very small. In a glass of one component, this appears indeed to be the case.  It would mean that it takes a molecule 300 centuries to diffuse over 1 μm distance. It originally had been assumed that these relations were generally valid. This would imply that the translational motion of molecules in a glassy food cannot occur, making the food completely stable to all changes involving diffusion, which includes nearly all chemical reactions.

A rather trivial reason may be that the system can be inhomogeneous, possibly containing tiny cracks, that allow much faster diffusion. A more fundamental reason seems to be that the glasses always contain more components. Consider, for example, a sugar glass that also contains water. At or below Tg, the sugar molecules are presumably fully immobilized. Smaller molecules, like water, can still move in the spaces between the sugar molecules. An example is given in Figure 16.4a.
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Fundamentals
[image: image32.wmf]
FIGURE 16.4 Effect of temperature on diffusion coefficients (D) in systems near the glass transition (Tg). (a) Experimental values and calculation according to the WLF theory for diffusion of fluorescein in a sucrose–water system. 
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Applications
Glassy foods. Several dry foods are wholly or partly in a glassy state. A simple example is a high-boiled sweet. It looks and feels like a piece of glass. It consists of a mixture of sugars (sucrose and oligomers of glucose) and 2–3% water. Some other sugar-based confectionary is also in this category.

Somewhat similar is dried skim milk (skim milk powder). Its main component is lactose (> 50%), and it has some 4% water. Figure 16.5 gives the Tg of lactose (a mixture of α- and β-lactose) as a function of water content; the curve for dried skim milk is almost identical (at low ψW). The powder particles consist of a glass of lactose and some other low-molar mass substances, like salts (almost fully in associated form), in which casein micelles and globular proteins are embedded. Figure 16.5 gives curves for lysozyme, a typical globular protein, and gluten, a mixture of various, mostly nonglobular, proteins. It is seen that these can readily form a glassy state.
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[image: image33.wmf]
FIGURE 16.5 Glass transition temperature Tg as a function of mass fraction of water ψW, for some substances (indicated near the curves; ‘‘starch’’ means native wheat starch).
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Applications
Processes. To obtain a food in a glassy state, water generally has to be removed without crystallization of solutes occurring. In some products this is easy, in others difficult. The following methods can be distinguished.

Sugar boiling, as in the manufacture of boiled sweets. Evaporating water from a solution of sucrose will lead to its crystallization. By mixing sucrose with an equal amount (on a dry mass basis) of glucose syrup, crystallization can be prevented.

Air drying at ambient temperature, or at a higher temperature followed by cooling. This works well for many starchy foods, like pasta. Toasting a slice of bread, if done slow enough to allow evaporation of much of the water, also results in a glassy material (mainly consisting of partly gelatinized starch and gluten). When pieces of vegetables are dried, the cell walls can acquire a glassy state, leading to a hard and possibly brittle product.

Baking of a dough is one of the most common processes. At high temperature water can readily be removed and cooling then can lead to a glassy state, as in a hard biscuit.
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Applications
High-pressure extrusion involves comparable changes. The product becomes hot and vapor bubbles are formed in it. The bubbles expand when the material leaves the extruder, and water vapor can readily escape. Upon cooling, a solid foam is formed, a glass containing many air cells. This is applied in manufacturing dry snacks.

Spray drying is applied to liquid foods like skim milk. Drying must proceed very fast, since otherwise lactose will crystallize. By dispersing the milk into fine droplets that are brought into hot air, the drying can be almost completed within a few seconds, whereby crystallization is prevented.
Also freeze drying can be applied to solutions. Water evaporates (desublimates) at low temperature and low pressure from the ice crystals present, leaving a highly porous structure of dry solutes, which often is in a glassy state. Freeze concentration is a very common process.
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Applications
Texture. A hard biscuit has a crisp or brittle texture. This implies that it deforms in a fully elastic manner upon application of a force, until it breaks (snaps) at a relatively small deformation. Breakage goes along with a ‘‘snapping’’ sound. It appears from empirical observations that a crisp material has an apparent viscosity of at least 1013 or 1014 Pa s. The water content or temperature above which crispness is lost closely corresponds to Tg. Sensory evaluation shows that an increase in water content by 2 or 3 percentage units, or in temperature by 10 or 20 K, can be sufficient to change a crisp food into a soft (rubbery) material.

A comparable phenomenon is that a solid material obtained by freeze drying can change into a highly viscous liquid upon increasing water content or temperature; this is generally called collapse, since the desirable porous structure of the freeze-dried product is lost. The collapse temperature tends to be a few kelvins above Tg.
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Applications
Stability. In the glassy state, molecular mobility is greatly reduced; hence the food will have greater stability (shelf life). An example is crystallization of sucrose in a system with low water content. This starts, albeit very sluggishly (at room temperature), above a water content of 3%. At that value, Tg equals about 25 0C. Skim milk powder with too high a water content will allow crystallization of α-lactose hydrate; according to the curve for lactose in Figure 16.5, this will occur above 30 0C for 5% water, which fits the experimental results. Another example is staling of systems containing gelatinized starch, which is due to the formation of crystallites. It has been shown that the slow rate of staling at a temperature of, say, - 20 0C is due to the system being near the glassy state, where the molecular mobility of amylopectin molecules is already greatly reduced. In glassy systems with a high water content, which generally means that the glass is for the most part made up of polymers, freezing of water can occur a few kelvins above Tg.
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The special glass transition 
State diagrams. As mentioned, a glass transition point can be reached in a solution by freeze concentration. An example is given in Figure 16.6, a state diagram of the sucrose–water system. What will happen when a solution is slowly cooled has been discussed in relation to Figures 15.6 and 7. Assuming equilibrium, ice starts to crystallize upon reaching the phase boundary curve Tf. The solution becomes concentrated due to further freezing, and its composition follows Tf. When the eutectic point E is reached, sucrose should start to crystallize. Considerable

supersaturation can occur if cooling proceeds quickly. The system then further follows Tf, which now is not an equilibrium curve. At some stage, the line for homogeneous nucleation of sucrose will be crossed, but the viscosity of the system may by then be high enough virtually to prevent nucleation. 
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FIGURE 16.6 State diagram of the sucrose–water system. T is temperature, ψS mass fraction of sucrose. Tf gives the freezing temperature of water and TS the solubility of sucrose. Tg is the glass transition temperature and Thom the homogeneous nucleation temperature.
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The special glass transition
Figure 16.6 also gives a curve for the homogeneous nucleation of water. It is seen that Thom decreases ever more below the value of pure water (- 40 0C) with increasing solute concentration. As a rule of thumb, Thom ≈  - 40 - 2ΔT in 0C, where ΔT is the freezing point depression caused by the solute. It may be clear that it is generally impossible to bring the solution without freezing to a temperature below Tg, except at a high sucrose concentration (above the eutectic point), with very rapid cooling or with very rapid drying.
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The special glass transition 
Stability. As long as the temperature remains below Tgʹ, the composition of the system is virtually fixed. This implies physical stability: crystallization will not occur. As mentioned, some chemical reactions may still proceed, albeit very slowly because of the high viscosity and the low temperature. This is illustrated in Figure 16.7, which shows freezing curves of some complex systems.
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The special glass transition 
[image: image35.wmf]
FIGURE 16.7 Freezing curves of various biological systems. T is temperature, ψS mass fraction solid. Curve 1, human blood; 2, washed yeast cells in water; 3, collagen; and 4, muscle tissue.
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The special glass transition
Uncertainties. The value of Tgʹ is generally determined by differential scanning calorimetry (DSC), and Figure 16.8a gives an example of a curve near the glass transition. It is commonly seen that not one but two second-order transitions occur, the first one being small compared to the second. The existence of two transitions is generally ascribed to two different physical relaxation mechanisms occurring in the glass; currently, there is no agreement about the explanation. DSC scans of mixtures of solutes, and particularly of mixtures including biopolymers, do not show a clear second-order transition. An easier method of determining Tgʹ then is by dynamic rheology in small samples as a function of temperature. Figure 16.8b gives an example. Again, two points can be chosen, at the bend in the curve of the storage modulus, or the optimum temperature for the loss modulus. Usually, the latter point is taken, if only because it can be established with greater accuracy. The values obtained also depend on the rate of temperature increase and on the deformation frequency during the dynamic measurement (usually 1 Hz).
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[image: image36.wmf]
FIGURE 16.8 Methods of determining the special glass transition temperature Tgʹ. (a) Scan obtained by DSC (differential scanning calorimetry), giving the heat uptake versus temperature T. (b) Scan of the storage and loss Modulus.
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Freezing of foods
In the food industry, freezing is applied to make ice cream and comparable products (edible ices or frozen desserts) or as a process step in freeze concentration or freeze-drying. The main purpose is to prevent or delay deterioration of the food. This concerns undesirable changes due to microbial growth, enzyme action, chemical reactions, or physical processes, usually involving mass diffusion. Such freezing is applied to natural products (fish, fruits, vegetables) as well as to a variety of fabricated foods. Essential primary changes occurring owing to freezing are:

Lowering of the temperature.
Freeze-concentration of the aqueous solution.
Greatly increasing viscosity and possibly attaining a glassy state.
An important question is, of course, how stable the product is and what factors determine stability. A problem can be that freezing greatly alters the consistency of the product and—often in combination with the thawing of the frozen material—leads to damage of its structure; another question is how to minimize such damage.
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Freezing of foods
Low temperature. Most aspects were discussed before, especially in Chapters 4 and 8. Briefly summarizing, the following effects of lowering the temperature can be mentioned. The rates of nearly all chemical reactions decrease.

Chemical equilibria can change, since the rates of the reactions leading to the equilibrium may decrease to a different extent. Some examples concerning ion association are in Figure 16.9. Most association constants increase upon cooling, but to a different extent. The pH of pure water is about 8.0 at – 20 0C.
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Freezing of foods
Uncoupling of consecutive reactions can occur, leading to a changed product mix. Hydrophobic interactions decrease in magnitude and may even become repulsive below 0 0C.

Globular proteins can denature at low temperature, for the most part because of decreased hydrophobic interaction. The denaturation is generally reversible, but enzymes are inactive in the denatured state.

Most microorganisms cannot grow at temperatures below zero, although their fermentation activity may slowly proceed at some degrees below zero.
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FIGURE 16.9 The effect of temperature on the change in association constant, relative to its pKa value at 30 0C, of various acids and water.
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Freezing of foods
Freeze-concentration. Freeze-concentration has been discussed. Some examples of the proportion of water frozen are in Figure 16.10. By and large, the smaller the initial freezing point depression of the product, the higher the proportion of water that can freeze, although it also depends on the water content at which a glass transition is reached, which depends in turn on the type and concentration of biopolymers present. For beef and bread, the curves become horizontal above - 30 0C, which implies that Tgʹ is reached.
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FIGURE 16.10 Examples of the proportion of water frozen as a function of temperature in some foods.
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Freezing of foods
A first-order reaction may increase in rate if it is catalyzed by a substance that is concentrated. An example is the mutarotation of reducing sugars. The reaction is virtually first order (as long as aW does not alter greatly) and is catalyzed by protons, for example. Figure 16.11a gives an example for glucose (the reactant) and HCl (providing the catalyst). It is seen that the rate constant decreases with decreasing temperature until the freezing point of the solution is reached. The freeze concentration upon further cooling then causes an increase in rate.
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[image: image39.wmf]
FIGURE 16.11 Effects of freezing and temperature on reaction rates in foods. (a) The reaction rate constant k for mutarotation of glucose in a solution of 100 g glucose per liter in 0.1 molar HCl. Tf = freezing point. (b) The percentage of the protein in the moisture expressed from red meat that has become insoluble, after 3 months storage of the beef at various temperatures.
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Freezing damage. As discussed previously, the freezing of water causes an increase in volume. Consequently, ice crystals formed in a disperse system can cause locally increased pressures, which can in turn cause mechanical damage. This occurs, for instance, when freezing an oil-in-water emulsion, especially if freezing is slow, the volume fraction of oil is large, and the oil droplets are not very small. At the prevailing low temperature, part of the oil will generally crystallize, which then means that partial coalescence can occur when fat globules are pressed together. This becomes manifest upon thawing of the emulsion, when clumps of fat globules appear that will melt to form large oil droplets at higher temperature.
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In natural foods, in animal or vegetable tissues, the situation is more complicated. If undercooling is at most by a few degrees, which generally means slow freezing, ice crystals are nearly always formed outside the cells. This means that the extracellular liquid will be freeze-concentrated, whereby its osmotic pressure increases. That will cause plasmolysis, the osmotic dehydration of the cell. The outer cell membrane or plasmalemma is permeable to water, but not, or poorly, to most solutes. Hence water will leave the cells, which will shrink considerably. The intracellular liquid becomes highly concentrated, although the ice formation occurs outside the cell. This causes all the changes due to freeze concentration, and it can possibly lead to damage of the cell membrane.
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There is a vast literature on preventing or minimizing freezing injury to living organisms. Most organisms can protect themselves by a number of metabolic adaptations to freezing conditions, a subject outside the scope of this book. Killing of vegetative bacteria by freezing can occur to some extent, but it is never complete. Bacterial spores are very resistant to freezing.
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FIGURE 16.12. Development of an extracellular ice crystal (black) and the resulting plasmolysis occurring in a piece of tissue upon slow cooling. 
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Recapitulation
The glassy state. A glass is an amorphous solid that shows a glass transition upon heating. A crystalline material melts upon heating, taking up heat at the melting temperature. A glass changes into a highly viscous liquid or into a rubbery material upon heating; this also occurs at a pretty sharp glass transition temperature Tg, where the specific heat of the material suddenly increases. A glass is not in an equilibrium state, and the value of Tg depends somewhat on temperature history. Tg is always below the melting temperature, often by 100 K or more. It is very difficult to transform a pure liquid into a glass. Some mixtures, particularly containing biopolymers (starch, protein), can readily form a glass; polymers may be partly crystalline, partly glassy. Examples of glassy foods are high-boiled sweets, dried pasta, hard biscuits, some breakfast cereals, and dried skim milk. The lower the water contents of a food, the higher its glass transition.
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The special glass transition. Drying can also be achieved by freeze concentration. When a solution is cooled, water can crystallize, thereby increasing the solute concentration in the remaining liquid. If freezing is fast, crystallization of solutes often fails to occur, and the dry matter content of the solution becomes so high as to reach the glassy state. This may be called the special glass transition, which occurs in a maximally freeze-concentrated system.

Many foods show the special glass transition upon freezing. Physical changes do not occur anymore, and most chemical changes become negligible; some reactions, lipid oxidation, may proceed very slowly. It is often difficult to determine the special glass transition point with accuracy.
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Freezing of foods. Freezing of foods has many ramifications. The decrease in temperature causes virtually all chemical reactions to decrease in rate. Globular proteins tend to unfold at very low temperatures, causing enzymes to become inactive. Moderate freeze-concentrating may increase reaction rates, because the concentration of reactants, or that of a catalyst, increases. Also the ionic strength increases, if salts are present, which can cause salting out of proteins and possibly irreversible changes (in muscle tissue). At deeper freezing, the viscosity of the remaining solution greatly increases, slowing down all reactions, and most of them stop below Tgʹ.

Solutes can also decrease mechanical damage, since less ice is formed at any given subfreezing temperature. Freezing causes a volume increase, which can cause local pressure differences and hence mechanical damage. Less ice and smaller crystals tend to give less damage. Substances that reduce crystal size, like some biopolymers (that give a strong gel in the freeze-concentrated solution) and antifreeze peptides, also reduce damage. Moreover, large crystals may give an undesirable texture.

17 Soft solids
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Soft solids
Many foods can be considered soft solids: bread, cheese, margarine, peanut butter, meat, several fruits, jam, puddings, mousse, aspic, boiled potatoes. The term soft solid is ill-defined, as is the word semisolid, which is also used. The (implicit) meaning of the word solid does not comply with the definition given in Section 16.1. A ‘‘solid’’ as meant in this chapter is a material that primarily exhibits elastic deformation upon applying a stress. The word soft then signifies that a relatively small stress is needed to obtain a substantial deformation; this may be due to the elastic modulus of the material being low (bread, soft fruits), or the yield stress being small (margarine, jam). The examples mentioned represent a wide variety of physical properties. Virtually all soft solids are composite materials, which implies that they are inhomogeneous on a mesoscopic or even macroscopic scale. Their properties depend on this physical structure, and a structural classification can be useful.
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Gels. These are systems that consist mainly of solvent (mostly water), with the solid character being provided by a space-filling network. Some idealized types of network are provided by (a) long and flexible polymer chains that are cross-linked and (b) aggregated particles.

Closely packed systems, in which deformable particles make up by far the largest volume fraction, whereby they deform each other. The interstitial material can be a liquid or a weak gel.

Cellular materials. Most vegetable tissues are in this category. They are characterized by connected, fairly rigid, cell walls, enclosing a liquidlike material. Several man-made cellular materials contain gas-filled cells.
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Rheology and  fracture
Mechanical properties are essential attributes of soft solids, and this concerns primarily consistency during handling or eating. Physical stability often depends on these properties. This section is primarily about large deformation, including the phenomena of yielding and fracture.

Slaid 152
Rheology of solids
Elastic moduli. A modulus is defined as the ratio of stress over strain (relative deformation). There are various modes of deformation, as illustrated in Figure 17.1, corresponding to various types of modulus.

Prediction of the magnitude of the modulus from the properties of the structural elements, and the geometry of the network that they form, is desirable but quite difficult to achieve. Consider a simple system, consisting of a network of identical structural elements. An external force Fex is applied in the x direction, leading to deformation. The cross section of the specimen perpendicular to the direction of force equals A.
Slaid 153
Rheology of solids
[image: image41.wmf]
FIGURE 17.1 Various modes of deformation. Cross sections through test pieces; —.—. — Indicates an axis of revolution. Arrows indicate forces. In (d) the broken line depicts a compressed test piece.
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Rheology of solids
Large deformations. For most soft solids, the direct proportionality between stress and strain only holds up to a very small strain, rarely over 0.01. Most solid foods eventually fracture upon increasing the stress. A simple example is given in Figure 17.2, which also defines the relevant parameters. These are

Modulus E or G, expressed in N m-2 = Pa. This has already been discussed. A suitable common term for the modulus is ‘‘stiffness.’’

Fracture stress σfr (in Pa) is often an important parameter. It is related to what is generally called the ‘‘strength’’ of a material. (It should be noted, however, that some authors speak of ‘‘gel strength’’ when they mean the modulus of the gel, which can readily cause confusion.)

Fracture strain εfr (dimensionless) can be called ‘‘longness,’’ but this term is rarely used. ‘‘Shortness,’’ also called ‘‘brittleness,’’ is a common term, and it may be defined as 1/ εfr. If εfr is large, it may be called ‘‘extensibility.’’
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FIGURE 17.2 Illustration of various textural properties that can be determined when a solid test piece is deformed until it fractures (indicated by a 3). Wfr is given by the area under the curve.
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Rheology of solids
Structure breakdown. When a linearly elastic material is deformed and then allowed to relax, the stress–strain curve is fully reversible, as illustrated in Figure 17.3, frame (a). For a larger deformation, the curve is generally not linear, and perceptible hysteresis tends to occur, as depicted in frame (b). Nevertheless, the deformation is fully reversible. This means that deformation/relaxation has left the structure unaltered; repeating the test on the same specimen leads to an identical result. The hysteresis is due to energy dissipation, caused by flow of solvent through the gel network if it concerns a gel.
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FIGURE 17.3. Examples of stress σ versus strain Ԑ for various materials that are first compressed, then decompressed (both at constant strain rate). Examples are meant to illustrate various kinds of behavior. The hatched areas indicate the deformation energy that is dissipated (not recoverable). The scales are generally different for the various frames.
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Time effects. When one deforms a viscoelastic material, the stress depends not only on the strain but also on the strain rate. This is illustrated in Figure 17.4a; it is seen that at a given strain, σ increases with increasing ψ value. This is because bonds that have come under stress owing to the deformation can break after some time; generally, new bonds are also formed, though not as many as had been broken. These phenomena cause stress relaxation.

Another consequence of stress relaxation is that, for a higher stress applied to a material, it takes a shorter time before a high strain is attained and a shorter time before failure occurs (yielding or fracture, depending on the material). This is illustrated in Figure 17.4b. Figure 17.4c relates to a material that exhibits stress overshoot (indicated in the figure for the upper curve) before yielding is complete.
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Rheology of solids
[image: image44.png]—





FIGURE 17.4. Time effects in deformation. The arrows through the curves indicate increasing values, generally by two or three orders of magnitude, of the parameter indicated. σ is stress, ε is strain, ψ is velocity gradient (strain rate), and t is time after starting deformation. In (a) and (c), the strain rate is kept constant during the test, implying that ε is proportional to t for each value of ψ; σ is measured. In (b), the stress is kept constant and ε is measured as a function of t.
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Rheology of solids
Inhomogeneity. For large deformation, most rheological relations, including time scale dependence, can be quite different from what has been discussed so far if the material is inhomogeneous. What is meant is inhomogeneity at length scales larger than of the smallest building blocks that affect the rheological properties. The deformation of a test piece will then always result in an inhomogeneous stress distribution throughout the sample. In other words, local stress concentration will occur, which will result in inhomogeneous deformation. It is generally impossible to predict the distribution of stress or strain throughout the test piece. Interpretation of the measured values in rheological or structural terms then is quite difficult.
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Fracture mechanics
Failure. When a stress is small, is applied to a Newtonian liquid, it flows, implying that all bonds between the constituting molecules frequently break, while new ones are formed. When an increasing stress is applied to a piece of an elastic solid, it becomes deformed, and when a certain stress is reached, the test piece starts to fracture. Macroscopic fracture is characterized by simultaneous breaking in one or more macroscopic planes throughout the specimen of all bonds between structural elements of the solid which results in the specimen falling into pieces. 
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Fracture mechanics
This implies that (most of) the broken bonds do not reform. The structural elements can be atoms, molecules, or particles, and the bonds that break are generally between the largest elements. The word macroscopic means that the size of the fracture plane is much larger than that of these structural elements: fracture is generally visible. In soft solids the situation is more complicated, since fracture is generally preceded by local structure breakdown. In the present section, we consider fracture mechanics. The theory distinguishes three regimes: linear-elastic, plastic-elastic, and time-dependent fracture. 
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Fracture mechanics
Linear-elastic fracture. This is also called brittle fracture. When a homogeneous isotropic elastic test piece is put under stress, and the magnitude of the stress applied is larger than the fracture stress of the material, the test piece can break. For crystalline materials, the fracture stress can be predicted from the known bond strengths and the geometry of the crystal structure. It is generally observed that the experimentally established fracture stress is much smaller than the theoretical one, by two orders of magnitude. The discrepancy is primarily due to the material being inhomogeneous, containing imperfections or even tiny cracks at various sites. Virtually all materials contain such defects. They give rise to stress concentration.
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Consider the example illustrated in Figure 17.5a, a flat strip of material put under elongational stress. To simulate a defect a small notch has been applied. Figure 17.5a relates in fact to a two-dimensional system, but also in three dimensions the stress concentration around a small hole can in principle be calculated. The figure is drawn for an experiment in which the test piece is subject to uniaxial extension. Other loading modes can be used. Uniaxial compression is frequently applied to solid foods; as mentioned, it may lead to biaxial extension. Other tests invoke bending (as applied when breaking a glass pane) or shearing. Although the mathematical relations are somewhat different, the principles of fracture mechanics remain the same.
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[image: image45.wmf]
FIGURE 17.5. Fracture in tension of a test piece containing a notch or crack. (a) Geometry of the test piece. (b) Energies involved (W) as a function of crack length (L).
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Fracture mechanics
Crack propagation. That σloc is higher than σfr is a necessary condition for fracture to occur, but not a sufficient condition. It suffices for fracture initiation, the formation of a small crack, but not for spontaneous propagation of the crack. To explain this, energy relations must be taken into account. Fracture means an increase in surface area and hence an increase in surface free energy, and this energy must somehow be provided. When an elastic material is put under stress, the energy applied to do so (Wel) is stored in the test piece and can be available for realizing fracture. In the situation as given in Figure 17.5a (assuming now that the crack depicted was formed by putting the test piece under tension), the energy that had been stored in the shaded region was available to cause the fracture by being transported to the tip of the crack.
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Fracture mechanics
Elastic-plastic fracture. Many elastic solids can show yielding at high stress. During fracturing, the local stress near the crack tip can be very high, as mentioned. This then may lead to local yielding, which has several consequences. (a) Local plastic deformation occurs, which means that the pieces remaining after fracture do not precisely fit to each other, as they would do after linear-elastic fracture. (b) The tip of the crack becomes blunted which means that the stress concentration becomes smaller and a higher overall stress is needed to achieve fracture. (c) The work of fracture increases, since it now includes the energy dissipated owing to the local yielding. It may be clear that ‘‘soft solids’’ by their nature cannot exhibit linear-elastic fracture, but some do show plastic-elastic fracture.
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Fracture in elongational flow
Consider a long and thin cylinder of a viscoelastic material upon which an extensional stress is acting, which stress is larger than the yield stress. Elongational flow will then occur. This happens during spinning of a highly concentrated protein solution into a thread. In such a configuration, somewhere in the thread a slightly thinner spot or ‘‘neck’’ will frequently form by chance, and this may lead to breaking of the thread. The force F acting on and in the direction of the thread will be everywhere the same.

Since F = σA, the stress will be higher for a smaller value of the crosssectional area A, if the value of the Young modulus Eu is constant. This means that the thread will be extended faster at the neck than at other places, hence the thin part will become ever thinner, and the thread will break.
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Texture perception
The texture of a food, its consistency and physical inhomogeneity as perceived by the consumer, often is an important quality mark. When handling the food, this may relate to spreading, slicing, grinding, mixing, etc. The most important is, of course, texture as perceived during eating, briefly called mouth feel. Any sensory perception, be it (mainly) by eye, by ear, by touch, or by the chemical senses, is a highly complex phenomenon. The result depends on the individual and his or her experience, and on a number of conditions during the perception. Thus perception of the same attribute in the same food is subjective and quite variable.
Slaid 170
Texture perception
Deformation mode. Deformation processes in the mouth vary from swallowing, to pressing (between tongue and palate), to chewing and biting. The phenomena occurring then range from flow, to yielding, to fracture. This should be mimicked in the test.

Where it concerns flow or yielding, the deformation in the mouth is predominantly (biaxial) elongation. Especially for viscoelastic materials, the difference in apparent viscosity as measured in elongational or in simple shear flow can be large, owing to variation in the value of the Trouton number. For hard solid foods, biting may have to be imitated.
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Strain rate. For most foods, rheological and fracture parameters are time scale dependent. Generally, the effective strain rate in the mouth during biting or chewing is of the order of 2 s-1, and the same rate should be applied in the test.

Inhomogeneity of the food poses problems. If it contains ‘‘soft’’ and ‘‘firm’’ regions, this may affect perception; it will also affect mechanical test results, but probably in a different manner. If the food is strongly anisotropic, as is the case with most kinds of meat, additional uncertainties arise.

The conditions during the test should also in other respects be similar to those in the mouth. Temperature can be readily adjusted, but the dilution with saliva, or its lubricating effect, may be more difficult to mimic.
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Gels
Apart from a discussion of functional properties, this section will be divided according to the network structure of gels. Flory* gave the following structural classification:

1. Well-ordered lamellar structures, including gel mesophases 

2. Covalent polymeric networks; completely disordered

3. Polymer networks formed through physical aggregation; predominantly disordered, but with regions of local order

4. Particulate disordered structures types 2–4 are illustrated in Figure 17.6, frames (a), (b), and (c), respectively.
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We will here only consider types 3 and 4—called polymer gels and particle gels, respectively—which are both common in foods. Type 1 can occasionally occur in foods, but the concentrations of small-molecule surfactants needed to obtain such gels are generally too high to be acceptable. Type 2 does not occur, although some covalent bonds between structural elements occasionally contribute to gel structure, such as -S-S- bridges between protein molecules. Several intermediate gel types occur in foods, and some of these will be discussed.
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[image: image46.wmf]
FIGURE 17.6. Illustration of three types of gel structure, highly schematic. The dots in frame (a) denote the cross-links. Note that the scale may greatly differ.
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Functional properties of gels
Food gels are made for a specific purpose, which generally means that the gel should have one or more specific physical properties. When making a pudding, it is desirable that it should not sag under its own weight during keeping, a property often called ‘‘stand-up.’’ Neither should the pudding fracture, fall into pieces during transport. Another stability aspect concerns leakage of liquid from the gel, which tends to be very undesirable. In some puddings, flavoring and coloring substances are not evenly distributed—when pieces of fruit are present, for instance—and diffusion of these substances throughout the pudding during storage may be detrimental for appearance and flavor. A good eating quality involves that pieces of the pudding can readily be scooped with a spoon, and be subsequently deformed or minced in the mouth to allow swallowing. Mouth feel further includes physical inhomogeneity and (lack of) stickiness. Finally, perception of flavor components depends on gel structure, although the mechanisms involved are poorly understood. Of course, the properties desired may vary among types of pudding.
Slaid 176
Polymer gels
The rubber theory of elasticity. The simplest structure that a polymer gel can have is depicted in Figure 17.10a: long linear polymer molecules that are cross-linked at various places along the chains. We will denote the part of a molecular chain from one cross-link to the next one a cord. A similar structure occurs in vulcanized rubbers. The rheological properties of such a system are supposed to be determined by the conformational entropy. Any change in the end-to-end distance of the cords due to deformation of the gel will lead to a decrease in entropy, hence to an increase in free energy.
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Polymer gels
Theory has been developed that takes these aspects into account. Figure 17.7 gives calculated relations for the elongation of a gel specimen. For the calculation some assumptions about the network structure have to be made, but the trends given are generally observed. It is seen that for small nʹ, the curve readily becomes vertical, implying that the cords are fully stretched; further stress increase would then lead to breaking of chains or cross-links.

Although food gels are never of the rubber type discussed, the relations given provide some qualitative insight in the factors governing the rheological properties of polymer gels.
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Polymer gels
[image: image47.wmf]
FIGURE 17.7. The effect of nʹ (the number of statistical chain elements in a cord between cross-links) on the relation between stress and strain of a polymer gel in elongation. σ0 is the force divided by the original cross-sectional area of a cylindrical test piece, v is twice the cross-link density, L is the length, and L0 the original length of the test piece.
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Polymer gels
Figure 17.8 shows two other types of junctions, involving triple helices (b) as in gelatin, and the so-called egg-box junctions (c) that appear in some ionic polysaccharides. Gels with junctions of the latter type do not melt above a given temperature, as do gels with junctions involving helices. Presumably, the egg boxes can also form stacks, further enhancing the stiffness of the gel.

In most polymer gels, the junctions contain a substantial proportion of the polymer material, say 30%. This implies that the length of the cords between junctions is limited.
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[image: image48.wmf]
FIGURE 17.8. Various types of junctions in polymer gels. (a) Stacked double helices, in carrageenans. (b) Partly stacked triple helices in gelatin. (c) ‘‘Eggbox’’ junction, in alginate; the dots denote calcium ions. 
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Polymer gels
Gelatin. Gelatin is a breakdown product of collagen, the main constituent of tendon and several other connective tissues. According to source and method of preparation, gelatin properties can vary significantly. In its native state, collagen exists as a triple helix, strongly resembling a triple polyproline helix. Gelatin is readily soluble in water at temperatures above 40 0C, forming a viscous solution of random-coiled linear polypeptide chains. On cooling a gelatin solution to 20 0C, collagen like helices are formed, albeit not very long ones and including only part of the material. This results in a gel.
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Figure 17.9a gives an example of the modulus as a function of gelatin concentration. The minimum concentration for gel formation is about 1%. As mentioned, several factors affect gel stiffness. Figure 17.10a gives an example of the temperature dependence, and it is seen that considerable hysteresis occurs between cooling and heating curves, although gelation is completely thermoreversible. The extent of hysteresis greatly depends on cooling rate. The fact that a gelatin solution gives a gel at low, room temperature, but that the gel melts at body temperature, can of course be utilized, especially in food systems. The slowness of gelation on cooling provides the possibility to make a system quite homogeneous by stirring after its has obtained a high viscosity but not yet a significant modulus; gel formation can then occur under quiescent conditions.
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FIGURE 17.9. Effect of concentration of the material making the gel matrix on the shear modulus of various gels. (a) Agar and gelatin gels. (b) Gels of kcarrageenan of two molar masses (indicated) in 0.1 molar KCl. (c) Casein gels made by slow acidification or by renneting. (d) Heat-set gels of bovine serum albumin; figures near the curves denote pH/added NaCl (molar).
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FIGURE 17.10. Effect of the measurement temperature on the shear modulus of various gels. The arrows indicate the temperature sequence. (a) Gelatin (2.5%). (b) k-Carrageenan (1%) for two concentrations of CaCl2 (indicated). (c) Acid casein gels (2.5%), made and aged at two temperatures (indicated). (d) b-Lactoglobulin (10%) at two pH values (indicated). The results may greatly depend on heating or cooling rate and on other conditions.
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The magnitude of the modulus can be affected by several variables: Gelation time. As mentioned for carrageenans, it may take a while (an hour) before the gel is fully developed after the gelation temperature has been reached. An increase of the modulus with time is observed for many polysaccharide systems (and also for gelatin), but the time needed varies widely among systems and with process conditions (temperature, concentration, pH). All of this means that ‘‘gelation time’’ is a poorly defined property. ‘‘Weak gels,’’ as formed, by xanthan, may show yielding upon mild agitation. It will then take some time, 15 min, before the yield stress is restored.
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Concentration of gelling material. Examples are given in Figure 17.9a and b, and it is seen that the relations can vary widely. The minimum concentration at which a gel is formed is in principle given by the chain overlap concentration jov or c*. In practice, the lowest concentration giving a gel tends to be somewhat higher than c*.
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Molar mass, or degree of polymerization, of the polysaccharide. This is because for a higher molar mass, the value of c* will be smaller. Consider a series of samples of the same material but varying in molar mass. If the concentration range is well above c* for all samples, the effect of molar mass is in principle zero; if the concentration is in the range of the c* values, the modulus will be higher for a larger molar mass. An example is in Figure 17.9b.
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Temperature. For all polysaccharides where gelation depends on helix formation, there is a critical temperature Tm at which the gel will melt. The modulus of such gels increases in magnitude with decreasing temperatures (below Tm). An example is given in Figure 17.10b. The value of Tm may greatly depend on other variables, especially those mentioned below. Gels of polysaccharides forming egg-box junctions generally do not melt below 100 0C. A few chemically modified polysaccharides can form reversible gels above a certain temperature. This mainly concerns some cellulose ethers, especially methylcellulose, which contains - OCH3 groups. It forms a gel at temperatures above 50–90 0C, depending on concentration, degree of methylation, and further structural details. Presumably, the gel formation is mainly due to hydrophobic bonding.
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Fractal particle gels
Ionic composition. For anionic polysaccharides, ion composition and strength, including pH, can have a large effect on the modulus. Egg-box junctions need divalent cations, Ca2+ generally being the most effective. The gelation of the various carrageenans is also enhanced by cations (see Figure 17.10b). Presumably, the ions screen the negative charge on the polymer, and the effect greatly depends on the ion involved. For k-carrageenan, for example, K+ ions are more effective in inducing gelation than either Na+ or Ca2+ ions at the same molar concentration.

Solvent quality. A good example is provided by the gelation of pectin in jam. The concentrated sugar solution is a poor solvent for pectin, markedly increasing its activity coefficient and thereby lowering its solubility.
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Fractal particle gels
As discussed previously, aggregating small particles form fractal aggregates or clusters. These become ever more tenuous, and at some stage the clusters fill the whole system, forming a gel, provided that no disturbance (agitation, sedimentation) occurs. There is no lower limit to the concentration, but gels have not been observed for a particle volume fraction φ < 0.001; in practice φ ≈ 0.01 is a minimum, since the gel would otherwise be very weak. The gel network consists of strands of particles that are linked to other strands, leaving pores of various sizes; often, the strands have an average thickness corresponding to a few particle diameters. Here we will further discuss the properties of particle gels, proceeding on the treatment of fractal aggregation.

The gels obtained are often called ‘‘fractal,’’ but this is to some extent misleading. Figure 17.11 gives an example of the number of particles and the fractal dimensionality D as a function of length scale, the distance from a central particle.
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[image: image51.wmf]
FIGURE 17.11. Effects of length scale (distance r from a ‘‘central’’ particle of radius a) on the fractal properties of a particle gel. (a) Log of the particle number Np in a sphere of radius r/a (log scale). (b) Fractal dimensionality D as a function of log (r/a). Hypothetical and somewhat simplified example.
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Fractal particle gels
Rheological properties. We have seen that the permeability of a particle gel is related to the fractal structure in a simple way. This is not the case for the rheological properties, because these are affected by several variables, of which the quantitative effect often cannot be readily established.

There is one basic principle, which derives from the fact that fractal clusters are scale invariant. When a gel is formed, clusters of size Rg make bonds with each other via strands at the periphery of the cluster, and the average number of the strands involved per cluster will not depend on cluster size.
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Fractal particle gels
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FIGURE 17.12. Various regimes, based on structural models, for the scaling relations between rheological parameters and the volume fraction of particles φ making up the gel network. The circles schematically denote the clusters forming the gel (of radius Rg); inside only the stress-carrying strands (of length L) are shown. It is assumed that the stress on the system is in the horizontal direction. C is the elastic constant of the strands.
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Mixed systems
In practice, various mixtures of gel forming materials are applied, giving rise to gels of widely varying properties. We will briefly mention some types; the discussion is for the most part qualitative.

Polymer–Polymer. The following alternative situations may occur.

1. The two polymers form a homogeneous solution. If now the conditions are changed so that polymer A would form a gel, by lowering temperature, it will also do so in the mixture, and the rheological properties will not be greatly different from those of a gel of polymer A at the same concentration. The permeability will be decreased, owing to polymer B forming a viscous solution in the pores of the gel network. Such systems are quite rare, however.
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2. Phase separation occurs because of incompatibility. This is a very common situation, unless the polymer concentrations are quite low. Consider a mixture of gelatin and a nongelling polysaccharide, dextran. The mixture is made at a temperature above the gel point of the gelatin, and phase separation sets in. Eventually two layers will be formed, but that takes a long time, and meanwhile one of the polymers is (predominately) in a continuous phase, the other in drops.

If gelatin is in the continuous phase (which depends on the relative of the two polymers), and the mixture is cooled, gelation occurs, and the nonequilibrium situation is ‘‘frozen.’’
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3. Weak attraction between the polymers may cause gel formation, even if both are nongelling. Such mixtures are often used to form weak gels, to prevent sedimentation of particles. An example is given by xanthan and some galactomannans, such as locust bean gum. The mixture is first heated and then cooled. Mixed junctions are formed, presumably involving a xanthan helix and a stretched part devoid of bulky side groups (a straight zigzag) of the locust bean gum chain. In this way 0.1% of each polymer may jointly form a gel with a yield stress of order 10 Pa. Another example is given by the addition of 0.03% k-carrageenan to milk. It then interacts with the k-casein in the casein micelles, forming a weak gel; the interaction is due to electrostatic attraction.

4. Stronger mutual attraction of the polymers or higher concentrations may lead to phase separation by formation of a complex coacervate. This often results in lumps of coacervate in a dilute solution, a system that is generally useless.
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Polymers with Heat-Setting proteins. Consider a solution of a globular protein at a pH above its isoelectric point that will give a gel upon heating. Now make solutions also containing a polysaccharide, where the total concentration of protein + polysaccharide is the same. If the polysaccharide is anionic (carrageenan), a homogeneous solution is often formed; upon heating, a gel results whose modulus (Gʹ) is higher than that of the protein alone. If the polysaccharide is neutral  (dextran), phase separation due to incompatibility occurs. After heating the modulus is lower than that in the absence of polysaccharide, which is presumably due to the inhomogeneity of the system. These are rules of thumb and exceptions may be possible.
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Polysaccharides with surfactant micelles. Consider a solution of a fairly hydrophobic polysaccharide, such as cellulose ether. The hydrophobic groups cause a weak attractive interaction, leading to a somewhat increased viscosity at low shear rates. If an anionic small molecule surfactant is added, say SDS (sodium dodecyl sulfate), at a concentration above the CMC (critical micellization concentration), micelles are formed that interact with the polymer; more specifically, one or a few polymer chains can pass through a micelle. In this way, polymer chains can be cross-linked. If now the polymer concentration c is below c* (the chain overlap concentration), mainly intramolecular junctions are formed. If c > c*, a gel results. In this manner, viscoelastic gels can be made with a modulus of the order of 10 Pa.
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Filler particles. We will consider gels containing particles that are much larger than the pores in the gel network. The primary gel (without particles) may be a polymer gel, a fractal particle gel as obtained with casein, or a heat-set protein gel. We will consider the effect of ‘‘filler particles’’ on gel properties, especially the elastic modulus, which has been studied best.

The following factors are known to affect the properties.

1. Particle concentration, generally expressed in the particle volume fraction φ. The modulus will either increase or decrease with increasing φ.

2. Particle bonding. The particles can be bonded or not to the gel matrix, as schematically depicted in Figure 17.13, frames 2 and 1. As shown in Figure 17.13a, bonded particles increase the value of the modulus, which is logical since they effectively increase the amount of gel material; nonbonded particles tend to decrease the modulus, since they effectively behave like voids at very small deformation.
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FIGURE 17.13. The effect of filler particles on gel properties. (a) Relative modulus (Gm/G0) as a function of particle volume fraction (φ). The broken lines are calculated for various values of the ratio Gm/G0, indicated near the curves. The drawn lines are average experimental values for acid casein gels (C) and polymer gels (polyvinyl alcohol, P), with emulsion droplets that are either bonded (B) or nonbonded (N) to the gel matrix. (b) Highly schematic pictures of the gel structure. Shaded area denotes primary gel. Particles are nonbonded (1); bonded (2); bonded but with intermediate layer (3); bonded and aggregated (4).
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3. The particle modulus. For bonded particles, the van der Poel theory can be used to predict the relative modulus of the mixed system, Gm/G0, as a function of φ and the relative particle modulus Gp/G0; here G0 is the modulus of the primary gel. In Figure 17.13a calculated curves are given for four values of Gp/G0. For Gp = 0, the result applies also to nonbonded particles, whatever their modulus. If the particle is an emulsion droplet or gas bubble, its shear modulus is simply given by the Laplace pressure.

4. Intermediate gel layer. Even for adsorbing flexible polymers, a kind of depletion layer tends to form around a particle. In this intermediate layer the polymer concentration, and thereby the modulus, is decreased, as schematically depicted in frame 3 of Figure 17.13. According to a modified van der Poel theory, this can explain the curve for PB in Figure 17.13a.
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5. Particle shape. Anisometric particles tend to give a higher Gm value than spherical ones at the same value of φ, although the effect may be small. Large deformation properties are greatly affected by particle anisometry, but published results appear to be conflicting.

6. Aggregation. Gels made of casein or a heat-setting protein generally show a very strong increase in modulus with filler particle concentration, as illustrated by curve CB in Figure 17.13. Microscopical observation then shows the particles to be aggregated; this would materially increase the effective particle volume fraction and also increase anisometry; see frame 4 of Figure 17.13. Whether these effects can fully explain the large discrepancy between theory and results, remains to be established.

Large deformation properties of gels with various filler particles have also been studied, but the results vary widely and explanations are largely lacking.
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Plastic fats
A plastic fat consists of a space-filling network of triglyceride crystals, where the continuous phase is triglyceride oil. At room temperature, the volume fraction of the crystals is generally below 0.5, and a plastic fat is a gel according to the definition given at the beginning of this chapter. The properties of a plastic fat are rather different from those of most gels, and the formation is a complex process; this is the reason why it is given a separate treatment in this chapter. 

Properties of plastic fats are very important in some foods:

The consistency of the fat determines its shape retention during storage, plastic deformability during handling (when spreading on a slice of bread, or mixing it into a dough) and during eating.
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When making a plastic fat, the triglyceride mixture is brought to a temperature where it is fully liquid, and it is then cooled to a temperature where at least part of the triglycerides is greatly supersaturated. Then nuclei form, crystal growth occurs, and crystals start to aggregate, in that order. After a little while, all three processes happen simultaneously. This will be illustrated by an example, shown in Figure 17.14.
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FIGURE 17.14. Values of various crystallization parameters as functions of time t after cooling of a mixture of 12% hydrogenated palm oil in sunflower oil at two values of the initial supersaturation: ——, ln β0 = 3.5; – – –, ln β0 = 2.75. The crystal size is given as the diameter of a sphere of equal volume.
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The example concerns a fairly simple system, 12% fully hydrogenated palm oil in sunflower oil. As seen in Figure 15.15, this mixture can be cooled to such a temperature that it is greatly supersaturated in the β0-form, but not in the α-form. In this manner β0-crystals are formed that do not (or do only very sluggishly) transform into β-crystals. Results are given for two values of the initial supersaturation. By and large, the various events occur very soon after cooling. 
Slaid 207
Network formation
Crystal growth starts almost immediately. A soon as the nominal crystal radius is about 25 nm, the van der Waals attraction is sufficiently large to induce aggregation, since there is no repulsion (except hard core repulsion). Fractal aggregates are formed, the dimensionality being about 1.7. This low value implies that virtually no rearrangement occurs in the aggregates.

From Eqs. (13.15) and (13.20), the time needed for gel formation is calculated at 60 and 250 s for ln β0 values of 3.5 and 2.75, respectively, in good agreement with the observed times needed for a measurable modulus to develop.
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Some variables. Figure 17.15 shows that for a higher initial supersaturation, the values for B is smaller and those for Gʹ are larger at the same φ. This is in qualitative agreement with the sequence of events outlined above: for a higher value of ln β0, the supersaturation at the moment of gel formation is higher, allowing more extensive nucleation, whereby more second generation aggregates can be formed; this will result in a more even and compact network. The same mechanism may explain the steepness of the relations with log φ, since for a higher value of φ, the supersaturation will be less reduced at the gel point.
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FIGURE 17.15. Properties of fats consisting of hydrogenated palm oil in sunflower oil, crystallized at various initial supersaturation ln β0 (indicated near the curves) as functions of the volume fraction solid φ. (a) Permeability B. (b) Storage shear modulus Gʹ. Heavy solid lines give experimental results.
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Linearity. The strain at which the modulus is no longer proportional to the applied stress is always quite small for plastic fats. Defining the linear region as that over which the change in modulus is at most 1%, the linearity extends. Presumably, the differences are largely due to differences in the anisometry of the crystals, which tends to increase in the same order; in other words, the crystals in butterfat can be bent more readily than of the other fats. For strains larger than about 10-3, the deformation tends to become partly irreversible, and the extent of irreversibility increases in the reverse order. For increasingly larger deformations, the changes become increasingly irreversible.
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Deformation regimes. Figure 17.16 illustrates what will happen when a typical margarine fat is subjected to increasing strain. The following regimes can be distinguished:

1. Linear. The strain is proportional to the stress and the loss tangent is small (< 0.1). The deformation is fully elastic and hence reversible, which implies that no bonds between crystals are broken.

2. Nonlinear. Note that this region extends over a strain range about 200 times that of the linear region. With increasing strain, the deformation becomes more and more viscoelastic, and the apparent loss tangent increases up to a value of about unity. This also means that the shape of the curve will depend on strain rate (Figure 17.6). Bonds are broken, the more so for greater strains. Presumably, van der Waals bonds can reform on removal of the stress, whereas the sintered bonds that are broken do not reform, at least not within a short time.
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3. Stress overshoot. Here, much of the network structure is broken down, and the system shows yielding. It should be realized that the inherent inhomogeneity of the structure, with ‘‘weak’’ spots or planes, causes the structure breakdown to be very uneven; in several small regions the original structure may almost remain. The magnitude of the stress overshoot tends to be larger for a higher strain rate and for a more brittle fat (smaller linear range).

4. Plastic flow. After yielding and the accompanying stress overshoot, the material flows, having a very high Bingham viscosity, often between 5 and 50 kPa s; it is somewhat strain rate thinning and exhibits some elasticity. These phenomena are probably explained by the irregular, spiky shape of the network fragments present, causing strong frictional forces, and possibly to colloidal interaction forces between structural elements.

Other plastic fats show similar behavior, but the scales of the curve may vary significantly.
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FIGURE 17.16. Schematic diagram of an example of the relation between stress (σ) and strain (ε) during deformation of a typical margarine fat. σy is the yield stress.
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Yield stress. Because the spreading, cutting, and shaping of a plastic fat all involve permanent deformation, the yield stress, as illustrated in Figure 17.17, is an essential parameter. It correlates well with the values obtained by some practical tests and with the sensory perceived firmness. Figure 17.17a gives a few examples of sy as a function of the fraction solid. The latter is an essential variable, but whereas the modulus scales with φ to a power of 4 to 7 for nearly all plastic fats, the scaling exponent is generally about 2 for the yield stress. This agrees with the network structure having undergone extensive change before yielding occurs.
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FIGURE 17.17. The yield stress sy of plastic fats. (a) Examples of the dependence of σy on the fraction solid φ. (b) Example of work softening of a plastic fat and the subsequent increase in σy with time t.
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Crystallization under agitation. To obtain a firm fat and to speed up operation, crystallization at a high supersaturation is desirable. This implies that a space-filling network is rapidly formed, which greatly hinders the removal by diffusion of the heat of fusion released, unless the distance over which it has to occur is quite small. In practice, in margarine making, a scraped-surface heat exchanger is used. The fat is rapidly cooled at the cold surface, which soon results in the formation of a solid crystal network. This is regularly scraped off the surface, whereby it is strongly worked and hence made soft. If now the fat leaves the heat exchanger after crystallization is about complete, it will have a low yield stress; upon storage it will set to some extent, about as shown in Figure 17.17b.
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Several types of food systems may be considered as highly concentrated dispersions of soft solid particles that touch each other; the volume fraction of the particles generally exceeds 0.8. To a first approximation, the modulus of such a system would equal the modulus of the particles; in practice, it will often be substantially smaller.

Attractive forces may act between the particles, or the continuous phase may be a weak gel, but this is not needed to obtain a solid consistency. Consider a vacuum-sealed pack of ground coffee. Although the packing material is flexible, the pack behaves as a hard solid. This is because the particles are solid and are pressed together by atmospheric pressure and cannot move relative to each other. Punching a hole in the pack leads to influx of air and the contents change into a free flowing powder. It is the volume restriction that makes a closely packed system a (soft) solid. In this section we will describe some closely packed systems and give some relations for rheological properties in ideal cases. Some of the structures occurring are illustrated in Figure 17.18.
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FIGURE 17.18 Structure of various closely packed systems. (a) Polyhedral foam or emulsion. (b) Concentrated potato starch gel. (c) Concentrated dispersion of anisometric gel particles (‘‘fluid gel’’). (d) Dispersion of fragments of a particle gel (different fragments differ in grayness). 
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Foams and emulsions. Most polyhedral foams are soft solids, as are some emulsions, like mayonnaise. The structure is illustrated in Figure 17.18a. The value of the volume fraction must be above the critical value for close packing, φcr. For dispersions of perfect spheres that are not excessively polydisperse, φcr tends to be about 0.71. 

Due to gravity the bubbles start to deform each other, and drainage of the foam layer then leads to a high volume fraction of gas. A highly concentrated O–W emulsion is more difficult to make: a high ratio of oil to water is needed and a high concentration of a suitable surfactant.
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Agitation then has to provide the forces needed to obtain permanently deformed droplets. An alternative is to subject a less concentrated emulsion to centrifugation. Repulsive colloidal interaction forces between the bubbles or droplets prevent breaking of the thin films between them.

The particles do not necessarily attract each other. If a lump of a foam or an emulsion is put in water or in a solution similar to the continuous phase, the lump often will slowly disperse. The slowness is largely due to the channels through which the water has to penetrate being quite narrow.
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Concentrated starch gels. Especially gelatinization and retrogradation are aspects of importance.

When native starch grains are heated in an excess of water, gelatinization occurs, which implies that amylose leaches from the granules and that the latter greatly swell and eventually fall apart. If the system then is cooled and the amylose concentration is above the chain overlap concentration c*, corresponding to 2–4% starch (depending on starch type), a gel is formed. This is mainly due to the formation of microcrystallites of amylose and the gel resembles a polymer gel of the general type depicted in Figure 17.10b.
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When the starch concentration is markedly higher, full swelling of starch granules cannot occur, and the system becomes closely packed; for potato starch this occurs above 5% starch, for most other starches at distinctly higher concentrations (up to 15%). Upon cooling, a gel is formed, consisting of closely packed granules, with a thin layer of amylose gel as a kind of glue between the granules. For most types of starch, including wheat starch, the swollen granules are more or less isometric, but in potato starch they lock into each other, almost as in a jigsaw puzzle: see Figure 17.18b.
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Doughs. A dough is made by kneading a mixture of grain flour and water (and possibly a little salt). The water content is 45%. The dough contains partly swollen starch grains, making up, 70% of the volume.

The structure is like that of a concentrated starch gel, but there are differences as well. The continuous ‘‘phase’’ is a more or less homogeneous viscoelastic liquid, consisting of water, protein, other nonstarch solids, and part of the amylose. The whole dough then is a viscoelastic system, and it generally has a negligible yield stress.

If the dough is made of wheat flour, it shows marked strain hardening, an increase in modulus with increasing strain (despite its strain rate thinning character). The same applies, though to a much lesser extent, to a dough made of rye flour.
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Fluid gels. The name seems like a contradiction in terms. What is meant is a concentrated dispersion of gel particles in a liquid. These systems can be made in various ways, for instance by making a hot solution of a suitable polymer, which is then cooled in a scraped-surface heat exchanger. The cooling causes gel formation and the vigorous stirring breaks it into fragments. In this way a polydisperse and quite concentrated suspension of anisometric gel particles is formed; see Figure 17.18c. It turns out that anisometry of the particles is an essential property.
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The systems discussed here also have a yield stress; unfortunately, results on large deformation rheology of the systems seem to be lacking. There are also liquid systems of a structure similar to ‘‘fluid gels.’’ A case in point is stirred yogurt. The original set yogurt is effectively an acid casein particle gel. By controlled stirring, a thick viscoelastic liquid is obtained, without a significant yield stress. The rheological properties are for the most part due to the presence of network fragments that are highly anisometric and where protrusions on these fragments may hook into each other: see Figure 17.18d.
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Pastes. Fluid gels may to some extent be suitable models for various foods that can be described as pastes, systems that have a yield stress but are readily deformable and that contain finely dispersed material.

Anyway, the qualitative relations listed above for fluid gels also apply to most pastes. We will briefly mention some of the numerous foods in this category.

Quark and comparable fresh cheese varieties. This product is similar to the stirred yoghurt just mentioned, but at a lower water content. This gives it a significant yield stress.

Liver paˆte´ and comparable meat products. It consists of small tissue fragments of various kinds, some separate cells, fat particles. Presumably, interaction forces between the particles, due to the presence of some gelatin, contribute to the firmness.
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Fruit pure´es, such as apple sauce and tomato pure´ e. These products consist for the most part of tissue fragments and whole cells in an aqueous liquid. Most vegetable tissues are pretty stiff, because the cell walls are stiff and because of cell turgor.

Peanut butter is a concentrated suspension of particles obtained by grinding roasted peanuts in the oil that leaks out of the fragments upon grinding. The fragments are relatively large, say a millimeter, anisometric, and rigid, which gives the product some firmness despite the relatively high fraction of free oil. To enhance firmness, a little highly saturated fat is sometimes added, to form a fat crystal network in the oil.
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Cheese. Several fully ripened cheese varieties can be considered closely packed systems. When freshly made, the structure resembles that of a paracasein micelle gel as discussed in Section 17.2.3, although with quite a high particle volume fraction; moreover, the ‘‘gel’’ contains unbound filler particles, the milk fat globules. In a few days, the micelles disappear, and now a more or less continuous mass of much smaller proteinaceous particles, size of the order of 10 nm, can be observed.

Upon further aging, considerable proteolysis occurs, resulting in a mass of peptides and even smaller molecules. The system now may be considered as a paste, albeit with very small building blocks (and, of course, filler particles). If the moisture content of the cheese is relatively high, a viscous liquid results, as can be observed in several well-ripened soft cheeses with a surface flora.
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Several foods have cellular structures: nearly all fruits and vegetables, bread and cake, products made by high temperature extrusion, some types of candy bars, etc. A cellular system can be defined as a collection of closely fitting cells. The cells are enveloped by a soft-solid matrix and are closely packed with gas or liquid. Generally, the matrix provides the stiffness, this in contrast to the closely packed systems of the previous section, where the solid character is primarily due to the particles.

The cells of the structure can be either closed or open. The former type is like a foam, in that the matrix can geometrically be compared with the continuous phase of the foam, which consists of thin lamellae and Plateau borders. Here we have thicker lamellae or walls, and beams (struts, ribs) where two lamellae meet; if the cells are filled with gas we can call the system a solid foam. Open cells occur when the lamellae contain holes; now we speak of a sponge. Some types of sponge structures merely consist of beams. Most plant tissues (Figure 9.4) consist of closed cells that are mainly filled with an aqueous liquid. 
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Some theory. We will only consider air-filled systems. Development of theory generally begins with a simple two-dimensional array of hexagonal cells, as depicted in Figure 17.19a, and then is extended to more complicated systems. The most important structural parameter is the relative density of the system, defined as ρ/ρm, where ρ is the density of the system and ρm that of the matrix material. The simplest case then is prediction of the modulus, often Young’s modulus E. What will happen at large deformation will depend on the properties of the matrix material. If it is purely elastic and not very stiff (rubberlike), buckling of beams and cell walls will occur, as illustrated in Figure 17.19b. The relation between stress and strain is in principle as given in frame (d). It shows a sharp buckling point, beyond which the apparent modulus is greatly decreased. For most practical, far less regular, systems the transition will be more gradual. It is also seen that the stress starts to increase strongly at high strain values. Compression then causes densification, an increase of the relative density of the system, and eventually the rheological properties become equal to those of the matrix material.
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FIGURE 17.19. Uniaxial compression of regular cellular structures; the cells are presumed to be open. (a) Structure of the undeformed system. (b) Structure after buckling under a compressive stress in the vertical direction for a purely elastic matrix. (c) Same, after yielding, for a matrix that is a plastic solid.
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(d) Stress–strain relation for elastic deformation, as in situation (b). (e) Same, for plastic deformation, as in situation (c). σu is the uniaxial compression stress; εC is the Cauchy strain; σcr is the critical stress for buckling (d) or yielding (e); tan θ equals the Young modulus of the system. The vertical broken line denotes the maximum strain possible (then φ ≈ 0 ).
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If the matrix consists of a plastic material, implying that it has a yield stress, yielding will occur, as illustrated in Figure 17.19c and e. Some stress overshoot then is common. After yielding, the stress does not greatly increase until appreciable densification occurs. Also for a yielding material, the overall yield stress will not be so sharply defined for a less even cellular structure. What often happens is that a layer of one or a few cells in thickness suddenly yields, to be followed by other layers at a higher overall strain: the layer mostly is about perpendicular to the direction of the stress.

Such phenomena also occur when a shear stress is applied, but then the orientation of the layer tends to be at 45 degrees to the direction of shear. If the matrix material is brittle, large deformation will lead to fracture, but then we are outside the real of soft solids.
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The variables affecting the results discussed so far are φ, open or closed cells, and rheological properties of the matrix material. Other aspects are the properties of the material are often unknown, because the material may strongly change during formation or growth of the cellular structure. The walls and beams may well be markedly anisotropic. The geometry of the matrix can vary considerably. This concerns cell size and especially shape; the distribution of matrix material over beams and walls; and the overall structure. The latter often is uneven: it may vary from place to place (from the outside to the inside of a specimen), it may be anisotropic, and it may have weak spots or regions.

At large strains, the mode of deformation, such as uniaxial compression, uniaxial extension, shear, or bending, may considerably affect the shape of the stress–strain curve. All of these variables affect the mechanical properties of the system, but few general rules can be given.
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Bread and comparable baked products. These are made by baking a leavened dough. The high temperature causes considerable expansion of the gas cells and (after some time) rupture of the lamellae between cells. Upon cooling, a soft solid sponge is obtained. Figure 17.20a shows results on the modulus of wafers, made at various gas contents. Wafers have a very low water content, and the material is in a glassy state, which explains the very high values of the modulus (upper curve). Upon storing the wafers in air of a high relative humidity, the wafers become soft: the matrix material takes up water and obtains a rubbery state (Figure 16.3). It is seen that the modulus then is markedly decreased. Upon large deformation of the original wafers, fracture occurred at a stress of about 400 kPa. Deformation of the ‘‘soft’’ wafers led to buckling at a stress of about 15 kPa.
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FIGURE 17.20. Mechanical properties of baked cellular products. (a) The Young (compression) modulus Eu as a function of product density ρ of wafers kept in air of various water activities (indicated near the curves). (b) Compression and decompression (indicated by arrows) of the crumb of a model wheat bread (σ/σm ≈ 0.35), giving the stress σ versus the Cauchy strain εC. Complete densification would presumably be reached at εC ≈ 0.7. The solid line shows the first compression and decompression, the broken line the second compression. The bread was 4 hours old. (c) Same experiment, same bread, but now 7 days old.
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Figures 17.20b and c show results on a model wheat bread. (This was made of wheat starch, xanthan gum, water, and yeast, but normal white bread made of wheat flour gives much the same results.) In frame (b), fresh bread is deformed. 

The matrix material is rubbery, and the stress–strain curve is comparable to that in Figure 17.19d, although a clear buckling point cannot be identified (presumably because of the unevenness of the cellular structure). Decompression shows some, though not much, hysteresis, and a second compression curve (after the first decompression) is quite similar to the first one. Frame (c) relates to the same bread after keeping it at room temperature for 7 days, when it was considered very stale. Staling is due to retrogradation, forming of starch microcrystallites, which makes the matrix much stiffer. The compression curve is now typical for yielding (σy ≈ 9 kPa), although the stress overshoot is so large that considerable local fracture must have occurred as well. The hysteresis between compression and decompression is very large, and the second compression curve confirms that the first compression has caused considerable irreversible structure breakdown. 
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Extrusion cooking is used to make several foods of a cellular structure, such as crispbreads, various snacks, and some breakfast cereals. These are primarily starch based products. In the extruder the ingredients are highly compressed and made to flow—which results in a continuous mass—and heated to a high temperature. This implies that the water present is strongly superheated; upon leaving the extruder through a die, whereby the pressure is suddenly released, steam forms and the material strongly expands. A cellular structure is generally formed. The matrix often has such a low water content that it becomes brittle upon cooling, which then means that the product is not a soft solid.
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The relative density is generally between 0.6 and 0.25. Although micrographs suggest that the cells are closed, the relation between modulus and density is like that of a sponge, the scaling exponent being about equal to 2. Deviations from theory seem to be largely due to unevenness of the structure: the cells often show a wide size distribution, and the density may vary, especially between outside and inside of the specimen.
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Plant tissues. Most tissues obviously are cellular soft solids. Plant cells have cell walls, many of which are fairly rigid. Three quite different factors contribute to the stiffness of plant tissues:

The rigidity of the cell wall

The strength of the middle lamella, which mainly consists of pectins and acts as a ‘‘glue’’ between the cells.

The turgor in the cell, the osmotic pressure inside the cell being higher than outside The turgor is due to the presence of a cell membrane containing various transport enzymes, which can keep the molality of the cellular liquid at a high level.
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This mechanism needs energy, and when the cell metabolism stops, energy cannot be supplied any more and the turgor disappears. This is what we observe when a leaf of lettuce wilts, which shows that the turgor can strongly contribute to the stiffness of a tissue. But the other two factors also contribute, to a variable extent. All three factors are generally affected when the tissue is heat treated: the turgor disappears, the middle lamella can become greatly weakened, and the cell walls will soften owing to partial degradation of their structural polysaccharides. Altogether, the relative contribution of the three factors varies widely among tissues, during storage and upon processing.

The theory as briefly touched on in this section cannot be applied to plant tissues. Their mechanical properties are highly specific and need to be studied separately in each case, as is often the case with natural products.
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Rheology. Determination of mechanical properties can be done in various deformation modes (shearing, compression, extension), leading to different results. Of the parameters to be determined, the modulus or stiffness of materials has been studied and explained best; results can give information about structure.

In practice, large deformation properties are far more useful, and determination of the full relation between stress and strain gives the best information. Materials vary widely in their ‘‘linear region,’’ the strain range over which stress and strain remain proportional. Deforming it much farther, the material may eventually break. Relevant parameters then are fracture stress or ‘‘strength,’’ fracture strain or ‘‘shortness,’’ and work of fracture or ‘‘toughness.’’ The correlation between fracture parameters and the modulus is often poor. Since many soft solids exhibit viscoelastic behavior, the values of these parameters can depend, often markedly, on the strain rate.
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Fracture mechanics. In a purely elastic material, the overall stress needed to cause fracture is greatly lowered (by up to a factor 100) by local stress concentration: near a tiny crack or other defect, the local stress can readily surpass the fracture stress. However, surpassing the fracture stress is insufficient, since energy is needed for fracture to proceed, for crack propagation. The energy is derived from the elastic energy stored upon deformation. Each system has a critical crack length above which fracture is propagated.

Soft solids show more complex behavior, and fracture is often ‘‘elastic–plastic,’’ implying that near the tip of the crack, where the stress is highest, yielding occurs; the pieces remaining after fracture do not precisely fit to each other. The local yielding increases the energy needed, the specific work of fracture.

For viscoelastic soft solids, the whole test piece shows lasting deformation before and during the event of fracture, making the relations even more complicated. The fracture parameters now are markedly timescale dependent. The specific work of fracture is increased, since much energy is dissipated during deformation.
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Elongational flow, due to uniaxial or biaxial tensional stress (spinning of a thread, or blowing of a film, respectively), tends to lead to fracture: the stress will generally be largest where the test piece is thinnest, so that the thinnest part will experience an ever increasing stress. This need not occur if the material is strongly strain hardening. More precisely, the stress should increase with increasing strain to a certain extent. Some concentrated protein solutions show this behavior, so that they can be spun, and wheat flour doughs do the same, preventing rupture of thin dough films between gas bubbles upon rising of the dough in the oven.
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Texture perception is briefly discussed, and pitfalls in relating sensory perceived texture to instrumentally measured properties are pointed out. 

Gels. Gels consist for the greater part of liquid; the solid character is provided by a space-filing structure (the gelling material). Nearly all food gels are man-made; the main purpose is to provide one or more specific physical properties. Desirable mechanical properties, be they for storage, handling, or eating, mostly involve the yield stress. In some cases fracture properties are more important. Gels are also made to provide physical stability to a product; again, the yield stress often comes into play, but also the permeability can be an important characteristic. Gels can be of various types. Properties of some of the main types in foods are summarized in Table 17.5.
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Polymer gels. These are very common. They are made of long polymer molecules that are cross-linked at some places. In food gels, these are rarely chemical bonds; rather they are junctions, each of which involves a number of weak physical bonds. They are often microcrystallites, stacks of helices or other straightened polymer sections. Most of these gels are thermoreversible: they melt upon heating and (re)form upon cooling.

Some gels of anionic polymers can form egg-box junctions in the presence of calcium ions; these gels generally do not melt at high temperatures. A gelatin solution gels on cooling by forming triple helices and stacks of these; it may take a long time before it is fully set. Because of the high flexibility of the gelatin chains, the gel is more or less rubberlike, with a large linear region. The modulus is largely entropy determined.
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Polysaccharide molecules tend to have much stiffer chains; consequently, the linear region of a polysaccharide gel tends to be much smaller, and its modulus is for a considerable part enthalpy determined (as in an elastic solid). The gelling polysaccharides vary widely in properties, and gelation often involves quite specific aspects. Factors determining gel stiffness, deformability, and strength generally are concentration of gelling material, gel time, temperature of gelation and of measurement, and solvent quality. For ionic polysaccharides, pH and ionic strength are important variables, and for some ionic composition is important. Often weak and brittle (or strong) gels are distinguished. Ideally, the former type has a low modulus and shows yielding at a relatively small strain; the latter type has a higher modulus and does not yield but fractures, at a relatively large strain.
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Particle gels. These gels generally form by fractal aggregation. Two types of casein gels, made by acidification and by renneting, make about ideal fractal gels. The fractal dimensionality mostly is 2.3–2.4. Considerable short-term rearrangement can occur, which means that the small fractal aggregates initially formed change into more compact particles (containing, say, 4–40 primary particles), which then form the building blocks of the larger fractal aggregates, which ultimately form the gel.

The gel structure is determined by the volume fraction of particle material, the size of the building blocks, and the fractal dimensionality. Simple scaling laws are derived for the permeability and for rheological properties as functions of particle concentration. The rheological parameters also depend on those of the particles, especially the extent of the linear range.
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Long term rearrangement, after gel formation, can occur under some conditions. In first instance, it leads to straightening of strands of particles in the gel, which causes an increase in modulus, a weaker dependence of the modulus on particle concentration, and a decrease in fracture strain; the fracture stress and the permeability are hardly affected.

Stronger rearrangement does lead to an increase in permeability, and syneresis can readily occur. All these changes depend on gel type, formation temperature, storage temperature, pH. 
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Heat-Set protein gels. When a solution of a globular protein is heated, the protein molecules denature and subsequently aggregate to form a gel. The gelation is irreversible: upon cooling the modulus increases. The aggregation appears to proceed in two steps. At first roughly spherical aggregates form, size 20 nm to 4 mm, and these then aggregate to form a gel.

At a pH close to the isoelectric point and a high ionic strength, large aggregates are  formed, resulting in a coarse gel. Small aggregates lead to a fine stranded gel, which forms at low ionic strength and further away from the isoelectric pH.
Slaid 252
Recapitulation
Upon heating, a weak gel tends to form already when only part of the protein is denatured, and this gel is of a fractal nature, having relatively large pores; the fractal dimensionality is about 2.4. Subsequently, aggregating protein is deposited onto the network, which does not greatly alter its overall structure; the permeability slightly decreases, but the modulus strongly increases. Many variables, for instance temperature or heating rate, affect all of these processes, hence the gel properties. However, the results greatly vary among proteins, and few general rules can be given.
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Mixed gels. A wide variety of mixed gels is produced, often with specific (combinations of) properties. A mixture of a gelling and a nongelling polymer may show phase separation due to incompatibility, and the mixture can then be made to gel. If the gelling polymer forms the continuous phase, the presence of the other polymer increases gel stiffness. Mixtures of polymers that show weak mutual attraction, often of an electrostatic nature, may give a gel at concentrations at which neither of them gels by itself.

Adding polysaccharides to a protein solution that is subject to heat setting may either increase or decrease the modulus at constant concentration (protein + polysaccharide).

A solution of a moderately hydrophobic polysaccharide can often be made to gel by adding a small-molecule surfactant at a concentration above the CMC. The surfactant then makes micelles through many of which one or more polysaccharide chains pass, thereby forming cross-links. A fairly weak gel results.
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Mixed gels.
The presence of filler particles can markedly affect the properties of various gels. If the particles are not bonded to the gelling material, their effect is to decrease the modulus. If they are bonded, generally because the gelling material also adsorbs onto the particles, the modulus may strongly increase, the more so as the particles themselves have a higher modulus; the modulus of a fluid particle equals its Laplace pressure. In protein–emulsion gels, the gelling material (gelatin, casein, or heat-setting proteins) is also used as the emulsifying agent for the oil droplets. Quite high modul can so be obtained for low protein concentrations.
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Plastic fats. A plastic fat is a space-filling oil-containing network of triglyceride crystals. It can thus be considered a gel, although the mechanical properties are very different from those of most gels. When oil is cooled, so that part of the material becomes supersaturated, crystal nucleation and growth occur, and the crystals rapidly aggregate because of van der Waals attraction, forming a fractal network of low dimensionality (about 1.7). If the initial supersaturation is high, nucleation, growth, and aggregation go on, and second-generation fractal aggregates form that fill the pores of the initial network. In this way the network becomes much more even, its permeability greatly decreases, and its stiffness greatly increases. The fractal structure is lost, and the scaling exponents with crystal concentration for permeability and modulus are quite high, generally 4–7.
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Fats of a wider compositional range show more secondary nucleation and hence smaller crystals and a higher modulus. These fats are also further removed from equilibrium, more recrystallization occurs and hence more sintering; the latter is enhanced by temperature fluctuations. However, if β crystals can be formed, slow (re)crystallization can lead to the formation of quite large crystals and a weak network.
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Plastic fats. In practice, large deformations are generally applied. The linear region tends to be very small, up to a strain of 10-4–10-3. With increasing strain, the system becomes more and more viscoelastic, and its structure gradually breaks down; then yielding occurs, accompanied by a stress overshoot, and the system finally shows plastic flow. The yield stress, or firmness, is the most important quantity in practice, and it approximately scales with solid fat content squared. Other variables affecting the modulus have a comparable effect on the yield stress.
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Plastic fats. Working of a fat causes work softening, it considerably decreases the yield stress. Upon standing, the yield stress increases again, since at first aggregation and then (much more slowly) sintering occurs, but the original value is not reached. During the making of a plastic fat, cooling generally goes along with vigorous agitation, to allow removal of the heat of fusion. If the product now leaves the agitator after fat crystallization is more or less complete, it will have undergone strong work softening, and it keeps increasing in firmness for some time. On the other hand, if the fat leaves the agitator at a stage where crystallization is not yet complete, extensive sintering occurs within a relatively short time, causing the fat to obtain a yield stress that is significantly higher than is obtained by the other procedure.

It should be stressed that quantitative relations are quite complex and depend strongly on fat composition and on the temperature history.
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Closely packed systems. These are very concentrated dispersions of soft solid particles in a liquid. The particles are closely packed and deform each other. The modulus of the particles primarily determines the modulus of the system. The coherence of the system is due to the restricted volume. Several systems can be distinguished. Polyhedral foams and emulsions: if they are not very polydisperse, theory for the modulus and the yield stress is available; the only variables are particle volume fraction and Laplace pressure.
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Concentrated starch gels consist of partly swollen starch granules that fill virtually the whole volume. The modulus roughly equals that of the starch granules, and thereby greatly increases with starch retrogradation. Relations for other mechanical properties are more complex. Wheat flour doughs are somewhat similar, but the particle volume fraction is much lower, and the continuous liquid, which contains gluten, is highly viscoelastic. ‘‘Fluid gels’’ consist of anisometric gel particles in a continuous liquid, made, by cooling a suitable polysaccharide solution while agitating it. The modulus increases with increasing volume fraction, anisometry, and modulus of the particles. The systems generally have a yield stress. Several kinds of pastes are similar to fluid gels.
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Cellular systems. Superficially, these closely packed systems are much like some of those just discussed, but the stiffness now derives from the rigidity of the continuous mass rather than the particles. Three main types are distinguished: solid foams; gas-filled sponges (where the cells are in open contact with each other); and plant tissues (where the cells are largely filled with liquid).

For gas-filled systems, theory has been developed for various rheological properties. The main variable is the relative density, about equal to one minus the volume fraction of gas. In most systems, the modulus roughly scales with the density squared. What occurs at large deformation depends on the properties of the cell walls: buckling if they are rubberlike, yielding if they are plastic solids, and fracturing if they are rigid solids. 
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Recapitulation
Bread and related products, or expanded products formed by extrusion, reasonably fit the theory. This is not so for plant tissues. Here the modulus depends on three main factors: the rigidity of the cell walls, the turgor of the cells, and the strength of the material cementing the cells. All of these parameters greatly decrease upon cooking.
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