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Stellingen 

1. De langzame kristallisatie van zuivere triglyceriden wordt voornamelijk veroorzaakt door het 
grote entropieverlies tijdens inpassen van triglyceridemoleculen in het kristalrooster. 
Dit proefschrift - hoofdstuk 3 en 4 

2. De initiële ruimtelijke aggregaatstructuur in een snel kristalliserende vetdispersie is fractaal 
maar zal daarna, doordat aggregatie en kristallisatie dan gelijktijdig optreden, niet meer een 
eenduidige constante fractale dimensionaliteit hebben. 
Dit proefschrift - hoofdstuk 5 en 6 

3. Bij een snel kristalliserend vet is minder dan 1% vaste fase nodig om een continu netwerk te 
vormen. Om een sterk vetkristalnetwerk te krijgen met zo weinig mogelijk vast vet moet 
aggregatie in rust plaats vinden en gevolgd worden door een snelle polymorfe overgang. 
Dit proefschrift — hoofdstuk 4 en 5 

4. Een sterke mate van sintering van vetkristallen in vet-continue systemen veroorzaakt een 
geringe smeerbaarheid. Daarom moet in dat geval altijd mechanisch worden nabewerkt. 
Dit proefschrift - hoofdstuk 6 

5. Door hun sterke anisometrie kunnen triglyceridekristallen in een door van der Waalskrachten 
bijeengehouden netwerk tijdens vervorming buigen zonder het netwerk op te breken. 
Dit proefschrift - hoofdstuk 6 

6. De brede triglyceridesamenstelling van een vetblend heeft tot gevolg dat verschillen in 
mechanische eigenschappen door verschillen in procesvoering vaak te niet worden gedaan 
door de vorming van gesinterde kristalverbindingen als gevolg van herkristallisatie. 
Dit proefschrift - hoofdstuk 7 en 8 

l. De conclusie van Johansson en Bergenstâhl dat de elastische moduli van dispersies van 
tristearaatkristallen in olie niet verklaard kunnen worden op basis van van der Waals attractie 
is niet juist, omdat de door hen gebruikte Hamaker-constante met een factor 10 - 100 is 
onderschat door de veronderstelling dat de brekingsindex van gekristalliseerd tristearaat 
kleiner is dan die van de olie. 
D. Johansson and B. Bergenstâhl (1992;, J. Am. OU Chem. Soc. 69, 718-727 

8. Instabiliteit van schuim en emulsies wordt vaak ten onrechte aan coalescentie toegeschreven 
terwijl Ostwald-vergroving minstens zo belangrijk kan zijn. 
A.S.Kabalnov and E.D. Shchukin (1992), Adv. In Colloid and Interface Sei. 38, 69-97 

9. Het mechanisch gedrag van xanthaan-galactomannaan gelen bij kleine vervormingen wordt 
voornamelijk bepaald door de rigiditeit van de xanthaanketen. 
W.Kloek, H.Luyten en T. van Vliet (1996), Food Hydrocolloids 10, 123-129 

10. Protocooperatie van endofytische Acremonium-soorten met grassen (Lolium spp.; Festuca 
spp.) leidt bij hoge temperaturen tot de vorming van de pyrrolizidinealkaloiden TV-formyl-
loline en Af-acetyl-loline. Dit geeft voor de grassen bescherming tegen vraat door insecten. 
H. Huizing, W. Kloek en T. den Nijs (1989), Prophyta 1, 24-25 



11. Het drogen van groenten en fruit met behulp van microgolven in combinatie met gelijktijdige 
droging met hete lucht is alleen zinvol in het eerste stadium van dit proces; in latere stadia 
leidt het tot achteruitgang van de sensorische kwaliteit. 
AIR-3-CT94-2254: A novel approach to preserve the intrinsic quality of fruits and vegetables in dry 
conservation processes 

12. Het zogenaamde lineaire gebied (evenredigheid van spanning en vervorming) van allerlei 
gelen wordt kleiner naarmate de reologische apparatuur nauwkeuriger wordt. 

13. Light-producten zijn echte dikmakers. 

14. Dat een zoekopdracht in literatuurzoeksystemen naar rheologicalproperties vaak als resultaat 
theological properties oplevert kan mogelijk verklaard worden met het Deborah-getal dat 
genoemd is naar de gelijknamige profetes die zegt (Richteren 5: 5): "De bergen vloeiden weg 
voor den Heer...." 

15. Promoveren hoeft niet Ir-rationeel te zijn, maar is wel ing-rijpend. 

ing. William Kloek 
Mechanical Properties of Fats in Relation to their Crystallization 
Wageningen, 22 september 1998 



Abstract 

Kloek, W. (1998). Mechanical properties of fats in relation to their crystallization. 
Ph.D. thesis, Wageningen Agricultural University, Wageningen, The Netherlands, (pp. 241, 
English and Dutch summaries). 

Keywords: 
fat, triglycerides, crystallization, nucleation, fractal aggregation, rheology, sintering, particle 
networks, surface scraped heat exchanger. 

Abstract: 
Crystallization in bulk fats is always initiated by a heterogeneous nucleation process. 

Homogeneous nucleation conditions for fully hydrogenated palm oil (HP) in sunflower oil (SF) 
could be obtained by emulsifying the fat phase into very fine droplets and using sodium caseinate as 
an emulsifier. The crystallization kinetics of such a dispersion was determined by means of ultra 
sound velocity measurements and could be modeled by a classical nucleation model. The 
temperature dependency of the kinetics yielded a surface free energy for nucleus formation of about 
4 mJm"2 and almost the whole triglyceride molecule should be in the right conformation for 
incorporation in a nucleus. 

The isothermal crystallization kinetics of bulk solutions of HP in SF in the ß' polymorph 
could be described well by combination of a classical nucleation function and an empirical crystal 
growth rate equation taking into account the decrease of supersaturation during crystallization. This 
yielded a surface free energy for heterogeneous nucleus formation of 3.8 mJ-rn2 and about 80 % of 
the triglyceride molecule to be in the right conformation for incorporation in a nucleus. 

Fat crystals in oil exhibit Brownian motion and attract each other due to van der Waals 
attraction that results in dispersions with fat crystal aggregates. The structure of the fat crystal 
aggregates could be described well by a fractal approach as was shown by light scattering and 
modeling of the viscosity as function of shear rate. Low volume fraction HP/SF dispersion yielded 
fractal dimensionalities of about 1.7 -1.8 which is indicative for rapid diffusion limited aggregation 
and increased with increasing shear rate. Volume fraction of solids of about 0.005 appeared to be 
sufficient to form a weak gel built from aggregates with a dimensionality of about 1.7-1.8. 

Simultaneous crystallization and aggregation of high volume fraction HP/SF dispersion 
leads to compaction of aggregates after primary network formation. The elastic moduli of these 
dispersion can be described by higher apparent dimensionalities. Crystallization after gelation also 
makes the stress carrying strands less flexible and leads to sintering of the fat crystals. The latter 
occurred more easily for fats having a broad fatty acid distribution. Sintering of fat crystals was 
shown by comparison of elastic moduli and loss tangents before and the development of moduli 
after mechanical treatment. From model calculations, it was shown that for dispersions in which van 
der Waals forces are the only interaction forces, crystals can easily bend on deformation of the 
crystal network. 

Application of shear during crystallization leads to more compact crystal aggregates as was 
shown by determination of elastic moduli in compression on dispersions that were crystallized in a 
surface scraping heat exchanger. 



voor mijn ouders 
voor Jeanine 
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1.1 Fats 

1.1.1 Nutritional aspects 

Fats are important suppliers of energy and essential fatty acids in the human diet. Besides 
direct supply of energy and essential fatty acids, fats are important as carriers of fat-soluble 
vitamins. For a daily energy intake of less than 12.5 MJ, it is recommended that this is supplied for 
at least 25 % by fats. For a daily energy intake of more than 12.5 MJ, this should be at least 30 %. 
The recommended intakes correspond to 56 - 140 g fat-day"1 (Harwood et al. (1986)). The energy 
value of fats is about 38 kJg ' , which is much higher than the energy values for proteins (17 kJg ' ) 
or for polysaccharides (16 kJ-g"1) (Gurr (1995)). Nowadays, in western countries fats provide up to 
40 % of the daily energy intake. These high fat intakes can lead to obesity and coronary heart 
disease, the latter being an important cause of death in most industrialized countries. 

Besides a decrease in fat consumption, it is often considered desirable to change the nature of 
the fat intake. There are guidelines that advise to lower the consumption of fats containing (long) 
saturated fatty acids (C12-C16) and trans unsaturated fatty acids (Lambertsen (1992)). It should be 
stressed that there is no clear evidence for a decrease in mortality if the intake of fats containing 
saturated fatty acids and trans unsaturated fatty acids is decreased without a decrease of the total fat 
intake (Harwood et al. (1986)) and possibly also for constant total fat intake. 

The change in the fatty acid patterns of fats has important consequences for the melting 
properties of the fats, specially melting temperature and melting enthalpy. This has important 
consequences for those food products in which fats give the product desired, structural properties. 

1.1.2 Properties of fats 

Fats and oils belong to the class of compounds called lipids, to which also belong alkanes, 
soaps, fatty acids, sterols, carotenoids, methyl esters of fatty acids and various polar lipids, 
including phospholipids. An important property of lipids is that they are soluble in non-polar 
organic solvents and (almost) insoluble in aqueous solutions. 

Fats in the liquid state are termed oils, while when in a partially solid state, they are called 
fats. We will use the word fat to indicate both the crystals and a mixture of crystals in oil. Whether 
we have a fat or an oil depends on the temperature. 

From a chemical point of view, fats and oils consist of triesters of the triol glycerol, and they 
are called triacylglycerols or triglycerides (Figure 1-1). The carboxylic acids that are esterified are 
the fatty acids. Natural fats and oils contain almost exclusively consist of fatty acids with an even 
number of carbon atoms since they are biosynthesized by sequential addition of acetyl compounds. 
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Figure 1-1. Structure of a triacylglycerol. The dotted box indicates the glycerol residue while Rj , 

R.2 and R3 are the fatty acid carbon chains. 

Chemical constitution and the position of fatty acids residues determine the thermal behaviour 
of a triglyceride. The fatty acids can differ in carbon chain length, number of unsaturated bonds and 
the type of unsaturated bonds (cis/trans). 

Triglycerides can be identified on the basis of their fatty acid composition by using a 3-letter-
code. The first letter identifies the fatty acid esterified at the 1-position and so on. We will use the 
fatty acid codes as given in the thesis of Wesdorp (1990) (Table 1-1). For example, the code PSP 
represents the triglyceride glycerol-l,3-dipalmitate-2-stearate. 

Table 1-1. Coding of fatty acids after Wesdorp (1990) 

Code fatty acid Code fatty acid 

C Capric acid (decanoic acid) O 
L Laurie acid (dodecanoic acid) E 
M Myristic acid (tetradecanoic acid) 1 
P Palmitic acid (hexadecanoic acid) A 
S Stearic acid (octadecanoic acid) B 

Oleic acid («s-9-octadecenoic acid) 
Elaidic acid (fr-ans-9-octadecenoic acid) 
Linoleic acid (cw-cw-9,12-octadecadienoic acid) 
Arachidic acid (eicosanoic acid) 
Behenic acid (docosanoic acid) 

Cocoa butter contains high amounts of POP, POS and SOS while palm oil contains high 
amounts of POP, POO and PPP. Sunflower oil and soy oil contains high amounts of 111, HO, US, 
100 and 1SS. Rapeseed oil contains high levels of the long fatty acid erucic acid (cis-13 -docosanoic 
acid). Most natural fats consist of hundreds of different triglycerides. For use in foods and other 
products, vegetable oils are often (partially) hydrogenated to yield fats with a special melting 
behaviour. For example, hydrogénation of palm oil yields high amounts of PSP and PSS that have 
higher melting temperatures than POP and POO, which are present in palm oil. For margarine 
production, fat blends are used that consist of both hydrogenated fats and natural fats to obtain such 
a melting profile that at mouth temperature no solid fat is left. 

Besides the important property of lipids that they are soluble in non-polar organic solvents, 
another important characteristic is that they can crystallize in various crystal modifications. For SSS 
this was first observed by Heintz (after Hagemann (1988)) who observed melting at 52 °C, and 
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subsequently on heating saw re-solidification and melting at 62 °C. Duffy showed the existence of 3 
melting temperatures for SSS at 52, 64 and 70 °C (after Hagemann (1988)). Evidence for the 
existence of 3 basic crystal forms was given by X-ray diffraction spectra (Lutton (1950), Malkin 
(1954)) and became more clear by correlation of X-ray spectra and infrared spectroscopic 
observations (Chapman (1962)). Later, more fundamental structural studies on polymorphism of 
triglycerides were carried out after 1964 by Larsson (1986), Hernqvist (1984) and de Jong (1980). 

Table 1-2. Classification of polymorphic modification ofmonoacid triglycerides based on X-ray 

diffraction and infrared absorption (Hagemann (1988)). s = strong line, ß/'and ßj 
are sub-modifications of the ß' polymorph 

polymorphic Unit cell short spacings from Infrared absorption 
modification X-ray diffraction lines wavenumbers 

(nm) (cm') 

a hexagonal 0.415 (s) 720 
ß' orthorhombic 0.38 (s), 0.42 (s) 719 and 726 (ß,'), 719 (ß2') 

_ß triclinic 0.455 (s), 0.36-0.39 717 

The three basic modifications are the a, ß' and ß polymorphs and are classified on bases of 
the short spacings in the X-ray diffraction spectra and absorptions in the infrared spectra (Table 1-
2). Although there exist sub-modifications in the ß' and ß polymorphs, the use of only the 3 basic 
polymorphs is sufficient in this thesis. 

The existence of polymorphs is the result of the possibility to pack the long hydrocarbon 
chains in various ways. Only one polymorph is the most stable one, generally the ß polymorph, 
which implies monotropic polymorphism. The stability generally increases in the order of a to ß' to 

ß-
The a polymorph is very unstable and is normally only present during processing of fats, thus 

on a time scale of minutes or less. However, in milk fat the a polymorph can be present over very 
long times (over years) due to the wide triglyceride composition. The crystal packing of the a 
polymorph is fairly loose and the aliphatic chains have some rotational freedom. The ß' polymorph 
is more densely packed and is often desired during storage of fatty food products. Depending on the 
triglyceride composition of the fat, this polymorph can be stable over a period of years. The ß 
polymorph is the most densely packed and is normally not desired in food products or more specific 
in margarine since the slow formation of this polymorph is often accompanied by sandiness of the 
product. For fractionation of fats, the ß polymorph is often desired due to formation of large 
spherulitic crystal structures which can easily be separated from the mother liquor and are well 
washable. It is not always clear whether polymorphic transitions occur via the liquid or the solid 
state. Figure 1-2 shows a schematic representation of the possible polymorphic transitions. 
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LIQUID 

a "H—>E 
exothermal transition 

endothermal transition 

Figure 1-2. Possible transitions between the liquid state and the various polymorphic 

modifications of triglycerides (common case). 

For pure triglycerides the melting temperature and the melting enthalpy increase in the order 
a to ß' to ß. The melting temperature of the a polymorph of monoacid saturated triglycerides 
increases smoothly with increasing fatty acid chain length. Also for the ß' and the ß polymorph the 
melting temperature increases with fatty acid chain length although there is a zigzag pattern for odd-
and even fatty acid chain lengths with the latter having higher melting temperatures (Hagemann 
(1988)). Melting enthalpies of monoacid saturated triglycerides are described rather well by 
parabolic equations with a maximum at a fatty acid chain length of 22 carbon atoms for the a 
polymorph, about 24 carbon atoms for the ß' polymorph and even higher for the ß polymorph 
(Hagemann (1988)). 

For unsaturated monoacid triglycerides both melting temperature and melting enthalpies are 
lower than for the saturated monoacid triglycerides of the same fatty acid chain lengths. The melting 
temperatures and melting enthalpies for cis-unsaturated monoacid triglycerides are lower than for 
the frans-equivalent. 

The description of the polymorphic behaviour of fat blends is greatly hampered due to the 
great number of different triglycerides, which can lead to the formation of compound crystals. They 
can form solid solutions, in which the different triglycerides can be present in all proportions, or the 
composition can be restricted, dependent on the triglyceride composition of the fat blend. 
Compound crystal formation readily occurs in the a polymorph since the packing in this polymorph 
is not very dense so that different molecules can fit the same lattice. Compound crystal formation 
also occurs in the ß' polymorph but since the crystal lattice is more dense, it is restricted to groups 
of similar triglycerides. In the ß polymorph, compound crystal formation only occurs for very 
similar triglycerides in restricted compositional ranges. 

Calculation of phase diagrams of binary systems from thermodynamic solution theory is 
possible for the ß' and ß polymorphs (Wesdorp (1990)), but for systems containing more than 2 
compounds it is hardly possible to calculate the phase diagrams. In multi-component systems it is 
often possible to treat a group of similar triglycerides as an one component system. 

Consequences of the occurrence of compound crystallization are (Walstra et al. (1995)): 
• Narrowing of the melting range 
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• The predominant melting temperature of a fat depends on the crystallization temperature. 
• Stepwise cooling or very slowly cooling of a liquid fat leads to less solid fat than rapid cooling to 

the same final temperature. 
• Unstable polymorphs persist much longer. For instance in milk fat, the a polymorph can be 

present for years. 

After and even during the primary crystallization of fats, recrystallization occurs since the 
crystallized dispersions are far from thermodynamic equilibrium. Various changes can occur 
(Walstra et al. (1995)): 

• Change in the composition of compound crystals. This can lead to a change in the number of 
melting peaks and/or narrowing of these peaks, as determined by DSC (Differential Scanning 
Calorimetry). 

• Polymorphic transitions of unstable polymorphs to more stable polymorphs. 
• Occurrence of Ostwald ripening: regions of the crystals with small radii of curvature have such 

high solubilities that they dissolve and recrystallize to regions with higher radii. 
Polymorphic transitions are accompanied by a change in composition of compound crystals 

and a decrease of the fraction solid fat. 

1.2 Crystallization 

1.2.1 Supersaturation 

The primary crystallization process can be divided in nucleation and crystal growth. Both 
processes can only occur if the triglycerides or, a part of them, are supersaturated. A solution is 
supersaturated if the solubility of a component is smaller than the amount present. For ideal 
mixtures, the solubility xx of compound x expressed as mole fraction at absolute temperature T is 
given by (Wesdorp (1990)): 

AHfi 
In*, = 

f 1 1 A 

K 
(l-i) 

where Rg the gas constant, AHti is the molar enthalpy of fusion of the crystallizing component of 
polymorph i and Tmi the absolute melting temperature of the crystallizing component of polymorph 
i. This equation can be used to calculate the solubility of a high melting triglyceride in oil, like SSS 
in OOO, but can also be used to calculate the solubility of a high melting composite fat, like a fully 
hydrogenated fat in composite oil. 
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The driving force for crystallization is the difference in chemical potential, Aju, between a 
supersaturated solution (fraction dissolved cj and a saturated solution (fraction dissolved *x), and is 
for ideal solutions given by: 

(1-2) 

where ß is called the supersaturation ratio and ln/7 the supersaturation. 
Figure 1-3 shows iso-ln/? lines as function of temperature and the fraction dissolved 

component for the model system used in this thesis. The solid phase consisted of fully hydrogenated 
palm oil (HP) and the oil phase was sunflower oil (SF). The iso-ln/7 lines for the a- and ß' 
polymorph are calculated from Equations 1-1 and 1-2. 

T(°C) 
Inß in ß' polymorph 

0 

1 
2 Inß in a polymorph 
Z 0 

1 

2 

0.2 0.3 0.4 0.5 

CHP (") 

Figure 1-3. Iso-lnß curves ofHP/SF dispersions in the a- and the ß'polymorph as function of 
temperature (T) and fraction HP (cm) calculated from Equations 1-1 and 1-2. Solid 
lines refer to the ß' polymorph and dashed lines correspond to the a polymorph. The 
dashed region is supersaturated in both a- and ß'polymorph.: Tma = 41.8 °C, AH[a = 
9SkJmol\ rm,p. = 57.3 °C, Atffp. =161 kJmol1. 

Figure 1-3 shows that the maximum initial \nß that can be obtained in the ß' polymorph 
before the a polymorph becomes supersaturated, depends on the fraction material dissolved. A 
solution with cw = 0.20, that has crystallized isothermally at a temperature of 20 °C, is initially 
supersaturated in the a polymorph. As crystallization proceeds, the fraction dissolved decreases and 
at a certain moment the a polymorph is not supersaturated anymore and crystallization can only 
take place in the ß' polymorph. Whether crystallization in the ß' polymorph indeed occurs also 
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depends on the kinetics of the crystallization process; Figure 1-3 is based on equilibrium 
thermodynamics. 

1.2.2 Nucleation 

In this thesis, the classical nucleation theory will be used, although this theory nowadays is 
considered not to be right. Statistical models would be more appropriate, but are mathematically too 
complex to be used for ill-defined triglyceride mixtures. 

Nucleation is the formation of ordered crystal regions on a molecular scale, with sizes that are 
large enough not to dissolve. For a given supersaturation, this critical size r* of an assumed 
spherical crystal is given by the Kelvin equation: 

2-y-V 
r* = - f — (1-3) 

A/* 

where / i s the surface free energy between nucleus and mother phase and V the molar volume of the 
material in the crystalline state. The critical size can be calculated by equating Equation 1-3 and 1-2. 
For a supersaturation of 3 in the ß' polymorph at T= 298 K, y= 4 mJm"2 and 7 = Ml pa 0.86/1000 
= 8.610^ m3mor' this would yield a critical radius r* of about 0.9 run. This would correspond to 
about 3 molecules in a nucleus of critical size. This order of magnitude calculation shows that the 
nuclei are very small, too small to apply any macroscopic theory on the formation of nuclei. 

The activation free energy AG*3D for formation of a spherical nucleus with critical size is 
given by (Garside (1987)): 

3D 3-(/tbr-ln/?)2 

where vc is the molecular volume in a crystal lattice and kh the Boltzmann constant. Increase of 
supersaturation will lead to a smaller critical nucleus size and a smaller activation free energy for 
nucleus formation. The nucleation rate J, the number of nuclei formed per unit time and per unit 
volume, is according classical nucleation theory, written as an Arrhenius type of equation (Garside 
(1987)) 

^•Amx-exp (-AGt • (1-5) 
kj 

where Jnax is the maximum nucleation rate. .ƒ„,„ would depend on the maximum molecular collision 
frequency, which is often given by k^Tlh, with h the Planck constant. Furthermore, JmàX would 
depend on the configuration of the nucleating molecules. For triglycerides, the long aliphatic chains 
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have to be in a suitable conformation that leads to an strong decrease of entropy. For a given system 
•̂max will be constant. The nucleation rate will be strongly dependent on AG3D* and therefore 
strongly dependent on In/? and /. 

nucleation in 
absence of solid 
interface 

nucleation in 
presence of solid 
interface 

foreign 
interface 

crystal or 
solute 

homogeneous 

heterogeneous 

secondary 

Figure 1-4. The various types of nucleation (Garside (1987)) 

Several types of nucleation can be distinguished (Figure 1-4). If not catalyzed by the presence of 
triglyceride crystals or foreign solid surfaces, nucleation is called homogeneous. In the case of 
homogeneous nucleation of triglycerides, supercooling up to 30 K can be applied before 
crystallization occurs. This type of nucleation only occurs if the fat is divided in such small volumes 
that on average no foreign particle (catalytic impurity) per droplet is present. Since the supercooling 
needed for homogeneous nucleation is so high, homogeneous nucleation of triglycerides always 
takes place in the a polymorph. 

If catalyzed by foreign particles, nucleation is called heterogeneous. The activation free 
energy for heterogeneous nucleus formation is lowered due to chemical or physical affinity of the 
nucleus for the foreign particle. A consequence of this affinity is the lower supercooling needed to 
initiate crystallization. This can be quantitatively expressed by a contact angle between the nucleus 
and the foreign surface, which is determined by the interfacial free energies between the nucleus, 
foreign surface and the mother phase. 

Supercooling of only 1 - 3 K is needed to initiate crystallization of triglycerides on time scales 
of seconds to minutes. Secondary nucleation is catalyzed by the presence of a crystal surface of the 
crystallizing component and can therefore only occur after primary homogeneous or heterogeneous 
nucleation and subsequent crystal growth. The occurrence of secondary nucleation in triglycerides 
has been shown by Walstra and van Beresteyn (1975) who demonstrated the presence of numerous 
crystals in an emulsified triglyceride droplet that had crystallized under such homogeneous 
nucleation conditions that only one or two crystals per droplet were expected. The mechanism of 
secondary nucleation in triglycerides is not clear. A possible explanation is the existence of very 
ordered layers near the crystal surface and less ordered layers somewhat further away from the 
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crystal surface. Due to such ordering, nucleation becomes easier. Both heterogeneous nucleation 
and secondary nucleation are believed to dominate in bulk fats. 

1.2.3 Crystal growth 

After nuclei are formed, they grow by the addition of molecules to the crystal face(s). Garside 
(1987) and Boistelle (1988) give general reviews about this subject. The state of the crystal surface 
is an essential parameter in describing the crystal growth rate Gc. The growth rate of rough crystal 
faces is about proportional to the (local) supersaturation. Growth units can easily attach to kinks on 
the surface and growth is continuous. This type of growth occurs at high supersaturations. The 
growth of flat surfaces occurs by a layer after layer mechanism. On the flat surface, first a surface 
nucleus with critical size has to be formed. To this nucleus, growth units can attach thereby forming 
a flat surface. In this growth model, Gc is proportional to the surface nucleation rate which depends 
on the activation free energy for formation of surface nucleus. Therefore, the Gc of a flat surface 
would be an exponential function of supersaturation. Layer growth mechanisms occur at low 
supersaturations. Crystal growth rates depend, besides on the state of the crystal surface, on factors 
like viscosity, conformation of molecules, surface defects, presence of impurities, shear rates and so 
on. 

Theoretically, crystal growth rates are proportional to the supersaturation if it is high and 
proportional to supersaturation at a power higher than 1 if it is low. Skoda and Van den Tempel 
(1967) also found these proportionalities for the growth of pure triglycerides in oil. Apart from this 
study, hardly any growth rates for triglycerides have been reported in the literature. Therefore, it is 
difficult to model crystal growth rates for fats, especially for systems containing many different 
molecules, like in a fat blend. If both nucleation rate and crystal growth rate are known as a function 
of supersaturation, it is, in principle, possible to model the crystal size distribution as a function of 
time. From this distribution, the fraction of crystallized material can be obtained as function of time. 
In the case of spherical crystals, a constant crystal growth rate and a constant nucleation rate (so at a 
constant supersaturation), the volume fraction of solids <f> as a function of time ; is given by 
Avrami's equation (1939a,b) 

<t> = -n-G? -J-t* (1-6) 

where it is assumed that no impingement or aggregation of crystals occurs. 
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1.3 Mechanical properties 

1.3.1 Aggregation 

Fat crystals in oil attract each other by van der Waals-forces. The only repulsive interaction is 
hard-core repulsion, which acts only at very small separation distances. The fat crystals aggregate 
due to the attractional forces and form voluminous aggregates. These aggregates can grow so far 
that they form a continuous network or a gel. The time t0i needed to half the initial number of 
particles c0 due to collisions by Brownian movement is, for spherical particles given by: 

^JU_ (1_7) 
05 4-khT-c0 

where T]B is the viscosity of the continuous phase. The flocculation time tos is an indication for the 
time scale over which aggregation takes place. For a dispersion having a volume fraction particles 
<j>a of 0.01, a particle radius of 0.1 um and assuming tj0 = 60 mPa-s (viscosity of oil at room 
temperature, T = 298 K) yields a flocculation time of about 4.5 s. In reality, fat crystals have 
anisometric shapes, and Equation 1-7 will therefore only give a rough estimate of the time scale of 
aggregation. 

A complicating factor in describing the aggregation of a crystallizing system is that both the 
mass fraction of particles and the particle size increase in time. Depending on the nucleation rate 
and the crystal growth rate, early in the crystallization process the time scale of aggregation already 
becomes shorter than the time scale of crystallization. A consequence of simultaneous 
crystallization and aggregation is that at a low fraction of crystallized fat already a continuous 
network is formed, while still a substantial amount of fat has to crystallize. This generally leads to 
sintering i.e. the formation of solid bridges between aggregated crystals and aggregates. 

Random aggregation of monodispersed spherical particles leads to aggregates of a fractal 
nature (Meakin (1984)). The number of particles with radius a in an aggregate of radius R is then 
given by: 

where D is the fractal dimensionality, a measure for the compactness of an aggregate. The 
compactness increases with increasing D. In the case of perikinetic aggregation (Brownian motion), 
it would result in a dimensionality of 1.8. Higher D values are obtained if repulsion between the 
particles is present or if the aggregates are grown under shear (Family and Landau (1984)). 

Since the number of volume elements in a spherical aggregate scales with (Rldf, the volume 
fraction of particles in a fractal aggregate is given by: 
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(1-9) •© 
This equation shows that the internal volume fraction of an aggregate decreases on aggregate 

growth. At the moment that $nt equals the volume fraction of primary particles in the system, a gel 
is formed. 

For SSS (0.5 %) crystal aggregates in olive oil, a D of 1.7 was determined by means of light 
scattering (Vreeker et al. (1992)). This dimensionality should be considered as an apparent 
dimensionality since crystallization and aggregation step during preparation of the aggregates 
occurred simultaneously. 

1.3.2 Rheological properties 

1.3.2.1 Small deformations 

The rheological properties of fats are primary determined by the fraction of crystallized fat. 
Papenhuijzen (1971) observed a shear modulus G proportional to the power 4 of the volume 
fraction solid. Low fractions yield a soft, spreadable product while a high fraction can yield a hard, 
brittle product. A consumer normally desires a product that is spreadable at both room temperature 
and refrigerator temperature and that completely melts in the mouth. Therefore, a specific melting 
range of the fat is required. 

Another important factor that determines the rheological properties is the interaction between 
the crystals. Initially, crystals are aggregated due to van der Waals attraction. Deformation of a 
network that consists of undeformable crystals aggregated by van der Waals attraction, leads to an 
enlargement of the separation distance between the crystals. However, if the crystals are sintered 
due to simultaneous crystallization and aggregation or due to recrystallization, the crystals have to 
bend on deformation of the network. In this case the elasticity modulus depends on the bending 
modulus of the crystals. Bending of crystals can also be important for non-sintered dispersions if the 
crystals are long and thin. When moving the aggregated crystals away from each other from the 
situation where the net van der Waals forces are zero, the van der Waals attractional force initially 
increases. This force can be sufficient to deform the crystals to large bending deformations, which 
are dependent on the size, shape and bending modulus of the crystals. 

The geometric arrangement of the crystals and the aggregates is also an important factor in 
determining the elasticity moduli. The first presented network models assumed the crystals to be 
arranged in linear chains in 3 perpendicular directions in which every particle contributed to the 
elastic modulus (van den Tempel (1961), Nederveen (1963)). A later model of Papenhuijzen (1971) 
assumed that not every particle contributed to the modulus. He assumed the network to be built of 
compact crystal clusters connected by linear crystal chains. According to his calculations, for a 8 % 
SSS in olive oil dispersions only 4 % of the solid fat was elastically effective. 
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The effectiveness of the solid fat to form a network with a high elastic modulus can also be 
described by assuming that the network is built of fractal aggregates. The elastic modulus of a 
network of fractal aggregates is given by the general equation (Bremer et al. (1990), Bremer 
(1992)): 

X 

G = A-p~D (1-10) 

where A is a constant related to the interparticle interaction and x is a constant that is related to the 
geometry of the stress-carrying strands. Factor x may vary from 2 for linear stress-carrying strands 
to 4.3 for stress-carrying strands having a fractal geometry. So forZ) = 1.7 this equation can explain 
scaling exponents between elastic moduli and volume fraction solids varying from 1.5 for x = 2 to 
3.3 for x = 4.3. 

From the concentration dependency (G <x ̂ 4I) of the elastic moduli of SSS in paraffin oil 
dispersions observed by Papenhuijzen (1971), Vreeker et al. (1992) calculated a dimensionality of 
1.95 assuming x = 4.3. These dispersions had first crystallized and were afterwards diluted with 
paraffin oil to the desired volume fraction. This separates the crystallization step from the 
aggregation step. 

From unpublished data of Hoekstra and van den Tempel (1964), it was shown that the yield 
stress <ry scaled with <j> to a power of 3.6. This exponent can be explained by the stretching of the 
stress-carrying strands on deformation up to the yield deformation. The stretching results in a lower 
x value. Assuming the dimensionality of the aggregates to be 1.95, as calculated by Vreeker et al. 
(1992) for x = 4.3, an exponent of 3.6 corresponds to x = 3.8 which is lower than 4.3. 

Applying fractal aggregate theories to explain relations between G and ^ of dispersions that 
already aggregate during crystallization is far from straightforward, since a substantial fraction fat 
may still crystallize after a gel is formed. This may lead to compaction of the aggregates. On the 
other hand, fractal aggregate theories may provide important information about the structure of fat 
crystal networks. 

1.3.2.2 Large deformations 

Small deformation experiments yield information about the structure of the network and about 
interaction forces between the structural elements. For fat dispersions these properties have to be 
determined at very small deformations; otherwise, the structure is irreversibly affected. The linear 
region of deformation of fat crystal networks is smaller than 0.001, and the network structure can be 
affected at higher deformations. 

Large deformation experiments yield information about important quality characteristics, 
which are relevant to processing, handling and eating. An important property for margarines is 
spreadability. During spreading, the crystallized network is subjected to large deformations and high 
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velocity gradients. This causes the fracture of sintered crystal bonds at certain length scales and 
rearrangement of the network structure. If fats are mechanically worked, the modulus of elasticity as 
measured within the linear region, decreases. The percentual decrease of this modulus is often 
called the work softening. 

The theory of fracture mechanics is a powerful tool to understand the fracture behavior of 
various types of materials. It can give information about the type of the bonds and the structural 
elements involved in the fracture process. The theory of fracture mechanics assumes that all 
materials are inhomogeneous and/or have defects. These inhomogeneities or defects are the starting 
point for fracture because on deformation of the material stress is concentrated at these points. If the 
local stress at these points is higher than the bond strength, fracture can start. If the differential 
deformation energy that is released due to ongoing fracture is equal to or higher than the differential 
energy that is needed to create the new surfaces, fracture can propagate (Gordon (1978)). 

The simplest form of fracture mechanics is linear elastic fracture mechanics (LEFM) which 
assumes that the amount of energy that is dissipated due to flow can be neglected. So LEFM 
assumes that all the stored deformation energy is available for creation of new surfaces. However, 
many food products are visco-elastic so that the amount of energy that is dissipated has to be taken 
into account. If the flow is limited to the region were fracture occurs, fracture parameters can be 
determined using elastic plastic fracture mechanics (EPFM). Fracture mechanics theory has been 
successfully applied to explain the fracture properties of cheese (Luyten (1988)) although it is more 
complicated for such a truly visco-elastic material. 

It is likely that these theories are also useful in describing the fracture or yielding properties of 
fat crystal networks. If a sintered fat crystal network is deformed, most of the deformation energy 
will be stored in the crystal chains. Some flow of oil through the pores of the network may occur 
but this dissipation will be neglectable compared to the amount of energy stored. However, if 
fracture occurs between aggregates, energy may also be dissipated due to friction between 
aggregates. 

The importance of energy dissipation on fracture of fat crystal networks is also shown when, 
for instance, a fully hardened fat that hardly contains any oil, is fractured. The fracturing is 
accompanied by a loud popping noise. This sound is the result of a shock wave caused by very fast 
crack growth due to the release of stored deformation energy, without energy being dissipated in 
viscous flow or friction. If a margarine, which contains about 20 % solid fat, is spread, no sound is 
heard, indicating that much of the energy is dissipated by oil flow or friction between aggregates. 

1.4 Aim and approach 

The purpose of this work is to study the small and large deformation behavior of crystallized 
fat dispersions and to relate the resulting mechanical properties to the crystallization conditions of 
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the fat. The fat system studied is a mixture of fully hydrogenated palm oil (HP) in sunflower oil 
(SF). This system can be considered as a model system for fat blends that are used for margarine 
manufacturing. 

chapter 3: The nucleation kinetics of the system are studied by determining the crystallization 
kinetics of emulsified model systems. From the conditions at which homogeneous nucleation occurs 
it is possible to estimate the surface free energy of a nucleus and the part of a triglyceride molecule 
that should be in the right conformation for incorporation in a nucleus. From the kinetics of 
heterogeneous nucleation it is possible to calculate the concentration of catalytic impurities. 

chapter 4: The crystallization kinetics of the bulk model system at various initial 
supersaturations and various fractions of crystallizable solid fat yields information about the amount 
of solid fat and the average crystal size in time. The surface free energy for nucleus formation and 
the part of a triglyceride molecule that should be in the right conformation for incorporation in a 
nucleus as obtained from nucleation kinetics can be used to estimate nucleation rates. Together with 
determined crystallization curves, it is possible to model crystal growth rate as function of time and 
thus as function of supersaturation. 

chapter 5: The structure of fat crystal aggregates can be studied well at low volume fractions 
of solid fat (^< 0.01) since at these volume fractions it is possible to separate the crystallization and 
aggregation processes. Suitable techniques for studying the aggregate structure are viscometry 
(determination of volume fraction of aggregates as function of shear rate) and light scattering 
(determination of D by measuring the scattered intensity as function of scattering angle). From the 
viscosities, the interaction force between primary particles can be estimated. 

chapter 6: By measuring the elastic moduli at small deformations as a function of the volume 
fraction of solid fat (0.06 < <f> < 0.14) of dispersions that had crystallized in the rheometer, it is 
possible to determine the aggregate structure of a dispersion in which crystallization and 
aggregation proceeded simultaneously. This structure can be related to the structure obtained for 
dispersions in which the aggregation and crystallization processes are separated. 

Frequency spectra of fat dispersions containing a solid phase that is expected to sinter (HP) or 
a solid phase that is expected to show hardly any sintering (PPP) can give information about the 
type of interaction between the structural elements and the extent of relaxation occurring at various 
time scales. 

chapter 7: Compression and wire cutting experiments give information about large 
deformation properties of fat dispersions such as spreadability. These properties are important for 
the consumer perception of a product. By combination of the results of both type of experiments, it 
is possible to calculate the defect size. Defects are those inhomogeneities (tiny cracks) in the 
structure where yield or fracture starts. 

chapter 8: Since fats are generally crystallized in a votator line under high shear conditions in 
practice, the model system was processed in a votator. The properties of the crystallized products 
were determined by compression tests and penetrometer tests. 
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chapter 9: The results presented and discussed in the previous chapters are compared, 
interrelated and discussed and an overview of the variables that determine the mechanical properties 
of a plastic fat is given. 
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2.1 Triglyceride composition and thermal parameters 

This chapter briefly explains some properties of the model fat system that is used in this 
study. It consists of mixtures of fully hydrogenated palm oil (HP) and sunflower oil (SF), the HP 
being the solid phase and the SF being the liquid phase. None of the fats were purified. The fatty 
acid composition of the HP and SF is given in Table 2-1. 

Table 2-1. Fatty acid composition (w/w) of sunflower oil (SF) and fully hydrogenated palm oil 

(HP). Fatty acid codes Cx.y ; x = number C-atoms; y = number of unsaturated bonds. 

fatty acid code percentage in HP percentage in SF 

(-) (-) 
C12:0 
C14:0 
C16:0 
C18:0 
C18:l 
C18:2 
C20:0 
C22:0 

L 
M 
P 
S 
0 
1 
A 
B 

0.3 
1.0 
41.3 
55.9 
0.1 

1.0 
0.3 

0.1 
6.1 
2.2 
27.3 
64.2 

This table shows that the HP is made up of glycerides containing saturated fatty acids, 
specially palmitic acid and stearic acid. The SF contains a high fraction of unsaturated fatty acids 
and only a small fraction of palmitic acid and stearic acid. 

The HP contains less than 1 % monoglycerides, about 6 % diglycerides and about 94 % 
triglycerides. The triglycerides in HP mainly contain stearic acid and palmitic acid. The triglyceride 
composition is calculated from the total fatty acid composition and the composition of the fatty 
acids esterified at the 2-position of glycerol, assuming random distribution of the fatty acids over 
the 1- and 3-positions. Only the combinations containing stearic acid and palmitic acid were 
considered. Table 2-2 shows that the HP would be rich in the triglycerides PSS, PSP and SSS. 
Besides the triglyceride composition, also the melting temperatures T^{ and the enthalpies of fusion 
A//f j of the various polymorphs are compiled. The Tm for all the triglycerides are all far above room 
temperature so that at these conditions HP is a hard fat. The SF started to crystallize at a 
temperature of about -5 °C. Since experiments were only carried out at temperatures above 0 °C, no 
data about the triglyceride composition of SF and their thermal behaviour are given. 

Thermodynamic parameters of the model system were determined by measuring the 
crystallization temperature T of the a polymorph (rapid cooling) and the melting temperature T of 
the ß' polymorph (after isothermal crystallization above the a melting temperature) as a function of 
the mole fraction HP, cw, by Differential Scanning Calorimetry (DSC). The temperatures T were 
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the peak temperatures in the thermograms. From the obtained temperatures as function of the mole 
fraction HP, AHf;i and 7 ^ of the pure HP in polymorph i were calculated assuming ideal mixing 
using the following equation: 

AHt. 
m C H P = R 

1 1 
T 21 

(2-1) 
m,i s 

An advantage of determining AHfi and T^ using this method instead of using AH(i and T^ as 
determined from pure HP, is that correction is made for non-ideal solubility behaviour of HP in SF. 
These results, which could only be obtained for the a polymorph and the ß' polymorph, are 
compiled in Table 2-3. Also the calculated average molar mass, based on the triglyceride 
composition, is given. 

Table 2-2. Triglyceride composition of fully hydrogenated palm oil calculated from the total fatty 
acid composition and the composition of the fatty acids esterified at the 2-position of 
glycerol, assuming random distribution of the fatty acids over the 1- and 3-positions. 
Only triglycerides containing palmitic acid (P) and stearic acid (S) are taken into 
account. Also melting temperatures (T^) and enthalpies of fusion (AHfi) of the pure 
triglycerides in polymorph i are compiled (from Wesdorp (1992)) 

triglyceride 

PPP 
PSP 
PSS 
SSS 
PPS 
SPS 

percentage 

(%) 
4.0 
26.1 
39.0 
14.5 
6.0 
2.2 

T 
•*• m ,a 
(°C) 
44.7 
47.2 
50.1 
54.7 
46.4 
50.7 

AW* 
kJmol1 

95.8 
112.2 
106.0 
108.5 
100.0 
103.0 

rm,P' 

(°C) 
55.7 
67.7 
61.8 
64.3 
58.7 
-

&HV. 
kJ-mor' 

126.5 
165.5 
-
156.5 
124.0 
-

^kp 
(°Q 
65.9 
65.3 
64.4 
72.5 
62.6 
68.0 

A#f.P 

kJmol1 

171.3 
173.6 
172.9 
194.2 
166.3 
170.3 

Table 2-3. Some properties of the model system used. 

component 

HP 
SF 

molar mass 
(g-mol1) 

854 
877 

T 
•* m,a 

(°C) 
41.8 

(J.mol1) 

9.8104 

T'IUP' 

CQ-
57.3 

AHffi. 
(J.mol1) 

1.61105 
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2.2 outer physical properties 

The density of SF, as function of temperature Tin °C, is given by 920-0.673Tin kgm3. The 
density of HP in the liquid state is given by 929.4-0.680-Tin kgm"3. The density difference between 
the liquid and the solid phase of HP is about 84, 89, 94, 99 and 105 kgm"3 at temperatures of 0, 20, 
40, 60 and 80 °C, respectively (Meeussen (1995)). 

We determined the viscosity of SF as function of shear rate and temperature using a Bohlin 
VOR equipped with a 5° cone-plate geometry. SF behaved Newtonian. The temperature 
dependency of the viscosity of SF is shown in Figure 2-1. When decreasing the temperature from 60 
°C to 5 °C, the viscosity increased by a factor 5. The viscosity is given by 7 = exp(-
14.28+3.37-103/7) where Tis the absolute temperature. 

viscosity (Nm'2s) 

0.1 

0.08 

0.06 

0.04 

0.02 

0 -

X 
X 

X 
X 

X 
X 

* * x 
X X 

x x v 
X x x * x x x x x 

1 1 1 1 1 
0 10 20 30 40 50 60 

temperature (°C) 

Figure 2-1. Viscosity of sunflower oil as function of temperature. 
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3.1 Introduction 

3.1.1 Nucleation 

Nucleation is one of the most important steps in crystallization but also the one that is least 
accessible to experiments. Nucleation is the formation of ordered domains by bimolecular reactions. 
When these ordered domains or embryos exceed a certain critical size, their Gibbs energy will 
decrease on further addition of monomers and a nucleus is formed. A nucleus can grow further and 
form a crystal. We will use the classical nucleation theory (Volmer (1939)), although it is known 
that it contains several errors (Lyklema (1991)). The main error is that by using the classical theory, 
a macroscopic model is applied to ordered domains that are very small. Furthermore, the classical 
theory uses Gibbs energy changes from equilibrium thermodynamics as a measure for the activation 
Gibbs energy which is a kinetic parameter. It would be better to use mechanico-statistical models 
but in our case we are mainly interested in obtaining some characteristic parameters that can be 
used to estimate nucleation rates in order to model crystallization kinetics. Therefore, the more 
simple classical nucleation theory may be sufficient. 

The Gibbs energy change AG3D for formation of an embryo is determined by a positive 
surface term AGs due to surface tension and a negative volume term AGV due to enthalpy of fusion. 

AG3D = AGS + AGV = Z a, 'h+V- AGV (3-1) 
I 

where ax is the area of face i, y the surface Gibbs energy of face i, V the volume of the embryo and 
AGV the change in Gibbs energy due to phase transition per unit volume. The critical size of an 
embryo for formation of a nucleus can be calculated by differentiating Equation 3-1 with respect to 
the dimension(s) of the nucleus and finding the maximum AG*3D- For a spherical nucleus, Equation 
3-1 can be written as: 

AG3D=4n-r2-y + j7r-rK&Gv (3-2) 

Differentiating with respect to r and equating to 0 yields a critical size r* for a spherical and a 
cubic nucleus shape respectively, of: 

- 2 / . „ _-4y 
AG • r cubic sphere » f ' r c " b i c * /-• \?~" 

In case of a cubic nucleus shape with axes a, b and c on a orthogonal co-ordinate system, y is 

an average surface Gibbs energy given by (fab-ftc-ftc)1'3 were ab, ac and be refer to the different 

nucleus faces 

Substituting r* and AGV = A// / V where V is the molar volume in a crystal lattice and A// the 

chemical potential difference between the supersaturated and the saturated solution or melt, yields 
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the activation Gibbs energy AG*3D for the formation of a spherical nucleus as function of the 
supersaturation: 

2 ..i xr2 
AG,, 

3-Afi2 

(3-4) 

Motadon = RJ- ln>0 AAme„ = Affy • : 
T„,-T 

where ß is the supersaturation ratio which gives the ratio between the solubilities of the crystallizing 
component at saturated and supersaturated conditions, Rg the gas constant, T the crystallization 
temperature, vc the molecular volume of a crystal, 7Vav Avagadro's number, A/ft,, the enthalpy of 
fusion of polymorph i and Tmj the melting temperature of polymorph i. The natural logarithm of ß 
is called the supersaturation. The numerical factor 16TT/3 is the shape factor for a spherical nucleus. 
Assuming a cubic nucleus shape yields a shape factor 32 and a surface Gibbs energy which is an 
average of the surface Gibbs energy of the three different faces. Figure 3-1 gives a plot of the Gibbs 
energy change as function of the radius of a spherical nucleus. 

A G (*b7) 
10 

Figure 3-1. Gibbs energy change of the surface term AGs and the volume term AGv on "growth " 
of a spherical ordered structure assuming some realistic values for triglycerides. 
\nß = 4,vc = 1.4-1 a27m3, T = 298Kand y =3.8mJm"2. 

The activation Gibbs energy and the critical nucleus size both decrease on increase of 
supersaturation or decrease with temperature. The number of molecules /* in a nucleus of critical 
size for a spherical and cubic geometry is given by: 
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V 
i* = — respectively; (a) 

„ 32x-y\2 

sphere 3.ÇkJ.]n^ (b) (3-5) 

64-fV 
i * = — - — ( c\ 

cubic (kj-hiß)3 y } 

where k\, is Boltzmann's constant. 

The number of nuclei that are formed per unit volume and unit time is called the nucleation 
rate J and is mostly expressed as an Arrhenius-type of equation using AG*3D as the activation Gibbs 
energy. Besides the barrier for nucleation there is also a "barrier" for transport of the molecule over 
the liquid-solid interface. This barrier is often related to the delay that the viscosity causes on the 
diffusion of a crystallizing molecule over the liquid-solid interface. For glass-forming systems, this 
"barrier" can slow down the nucleation process dramatically due to very high viscosities. 
Triglycerides do not show glass formation but there can be another "barrier" for nucleation: the 
triglyceride has to be in the right conformation before it can be incorporated in a nucleus. This term 
can become important in the case of long-chain molecules. The loss of entropy AS on incorporation 
in a nucleus is given by Afljy /Tmj. The probability that a fraction a of the molecule is in the right 
conformation is given by exp(-a-AS/Äg). The above-discussed "barriers" should not be regarded as 
separate "barriers" but as factors that delay the occurrence of a nucleation event. 

The collisions frequency in a system containing N molecules that can crystallize is given by 
N-(kbJ/h) with h the Planck-constant, so that nucleation rate for homogeneous nucleation is given 
by: 

khT 
J=N--±--exp 

h 

f a-AS^ 

R. •exp] 
g / v "•b 

-AG*,D 

KT 
(3-6) 

Factor a does not only give the fraction of the molecule that should be in the right conformation for 
incorporation in a nucleus, but will also take into account a factor like viscosity. 

Homogeneous nucleation is the type of nucleation in which no surface acts as catalyst: the 
crystallizing molecules spontaneously form nuclei. Homogeneous nucleation conditions are 
normally only reached when the solution or melt is dispersed into a number of droplets that exceeds 
the number of catalytic impurities present in the system. For crystallization of dispersed tristearate 
and tripalmitate, supercooling in the a polymorph up to 26 K was measured (Phipps (1964); Skoda 
and van den Tempel (1963)). For emulsified milk fat, supercooling up to 20 K was obtained 
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(Walstra and van Beresteyn (1975)); the extent of supercooling needed depended on the spread in 
droplet composition. 

In bulk fats, supercooling of only a few K is needed to induce crystallization. This is 
explained by the presence of (solid) impurities of a size larger than the dimensions of a nucleus. 
These impurities can act as a catalyst for nucleation by lowering the activation Gibbs energy for 
formation of'a nucleus. Depending on the wetting of the solid surface by the nucleus, a smaller 
liquid-crystal interface needs to be created. Figure 3-2 shows a geometrical consideration of the 
heterogeneous nucleation process. 

Liquid 

Foreign surface 

Figure 3-2. Geometrical principle of heterogeneous nucleation. Vectors indicate the surface free 
energies: I = liquid; s = solid (foreign); c = crystal nucleus 

The volume and surface area of the nucleus depend on the liquid solid contact angle 9. For 6 
- 180°, no "wetting" of the foreign surface by the "crystal" occurs and the type of nucleation is 
homogeneous. For 0=0° there is no barrier for nucleation and instantaneous phase separation 
occurs. For intermediate values of 0, nucleation is heterogeneous and the free activation energy for 
nucleation is given by (Zettlemoyer (1969)): 

AG3D = ƒ iß) • AG3Z),hom with /(<9) = ̂ (2 + cos0)(l-cos6>)2 (3-7) 

Nucleation in bulk fats is often believed to be of an heterogeneous nature (Walstra et al. (1995)). 
Particles that can act as a catalyst are probably micelles of monoglycerides, ordered emulsifiers and 
walls of crystallization vessels. 

Another type of nucleation is secondary nucleation. This is nucleation occurring due to the 
presence of crystals of the crystallizing compound. Different types of secondary nucleation are 
known: apparent, true and contact (Garside (1987)). On apparent secondary nucleation, small 
fragments of crystals are washed of by flow of solute along the crystals and act as new nuclei. On 
true secondary nucleation, embryos of sizes smaller than the critical nucleus size are introduced by 
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the presence of crystals. These embryos disturb the steady state distribution of ordered domains and 
can enhance nucleation. Contact secondary nucleation originates from collisions of crystals with 
other crystals, walls of vessels, impellers and so on. The importance of the role of secondary 
nucleation in fat crystallization has been stressed by Walstra (1975,1987,1995). Emulsified 
triglyceride droplets, crystallized at conditions for homogeneous nucleation, showed hundreds of 
crystals per droplet while only one or two crystals were expected (Walstra and van Beresteyn 
(1975)). If emulsion droplets of mixed paraffins had crystallized, only one or two big crystals were 
observed (van Boekel (1980)). The strong secondary nucleation can probably be explained by the 
existence of ordered transition layers between the crystal surface and the solution and should 
depend on the type of molecule (paraffins vs. triglycerides). Walstra (1998) gave a hypothetical 
explanation for secondary nucleation in fats which implies that clusters of partially oriented 
triglyceride molecules diffuse away from a crystal face that grows via kinetic roughening. These 
clusters may give rise to separate nuclei if the crystal growth rate is small enough to enable 
considerable diffusion of the clusters. 

3.1.2 Nucleation kinetics 

The concentration of catalytic impurities is important for modeling the crystallization kinetics 
of bulk fats. To determine the effect of impurities on the crystallization kinetics, the crystallizing 
phase has to be divided in such volumes that at most one catalytic impurity per droplet is present. 
This can be achieved by emulsifying the fat phase. If the fat is divided over a number of droplets 
that is very large compared to the number of catalytic impurities per volume, homogeneous 
nucleation will predominate. 

Nucleation rates in emulsified fats can be determined by measuring the volume fraction of 
solid fat (0) as function of time (/)• Thereto, one has to assume that the average time needed for a 
nucleation event is much longer than the time needed for the droplet to achieve complete 
crystallization. In that case, the volume crystallization rate is determined by the nucleation rate. The 
crystallization rate will be proportional to the volume fraction of droplets that contains no crystals 
(\-<fi) (Turnbull (1952), Turnbull and Fischer (1949), Turnbull and Cormia (I960)) and will 
therefore decrease with time. 

^ = * - ( l - 0 (3-8) 
at 

The reaction rate constant k can be written as a function of the nucleation rate J. For 
homogeneous volume nucleation, the rate constant kv is proportional to the droplet volume va and is 
given by: 

K =J-vA 

(3-9) 
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If nucleation is catalyzed by impurities at the droplet surface, the rate constant ks is 
proportional to the droplet surface a&. 

ks=J-ad (3-10) 

Solving the differential equation leads to the following expression that gives the volume 
fraction solidified droplets as function of time: 

<f> = l-exp(-k-t) (3-11) 

Taking into account the droplet size distribution, this expression has to be summed over all 
droplet sizes: 

oo 

$ = 1 - U°d • exp(-* • t)M (3-12) 

where if à is the differential volume fraction of droplets with sizes between d and d+àd. In the case 
of homogeneous volume nucleation or nucleation catalyzed by the homogeneous droplet boundary, 
the isothermal crystallization rate can be modeled by only one nucleation rate independent of d. It is 
assumed that the droplet composition and the composition of the droplet surface are invariant. 

In case of heterogeneous nucleation, the crystallization volume contains impurities that 
catalyze the nucleation process. This nucleation process can not be modeled by a single nucleation 
rate because the number of impurities per droplet varies with diameter. Furthermore, there is a 
distribution of the catalytic activity of the impurities. The nucleation rate decreases with time. At 
the start of the heterogeneous nucleation process, the droplets containing the highest number of 
catalytic impurities will crystallize. This maximum nucleation rate can probably be related to the 
nucleation rates of bulk fats. As the crystallization process proceeds, smaller droplets will 
crystallize because they contain fewer impurities. At the end of the crystallization process, the 
volume fraction of solidified droplets will reach a plateau value $,, because some droplets are void 
of impurities and therefore will not nucleate heterogeneously. If it is assumed that the catalytic 
impurities are distributed at random over the volume, the maximum achievable volume fraction of 
solid droplets can be related to the number of impurities per volume by: 

^m=l-exp(-vd-iV imp) (3-13) 

where 7Vjmp is the number density of catalytic impurities which is strongly dependent on 
temperature. 


