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ABSTRACT: The crystallization kinetics of mixtures of fully
hydrogenated palm oil (HP) in sunflower oil (SF) was studied.
The thermal properties and phase behavior of this model sys-
tem were characterized by means of differential scanning calo-
rimetry and X-ray diffraction. From the melting enthalpy and
clear point of HP, it was possible to calculate the supersatura-
tion at a given temperature for every composition of the model
system. Supersaturation of the model system for the ' but not
for the a polymorph yielded the B’ polymorph, while supersatu-
ration for the o polymorph yielded a mixture of mainly § and
some B' polymorphs. The crystallization kinetics of HP/SF mix-
tures were determined by pulsed wide-line proton nuclear mag-
netic resonance for various initial supersaturations in the p’
polymorph. The determined curves were modeled by a modi-
fied classical nucleation model and an empirical crystal growth
function, which are both functions of supersaturation. Hetero-
geneous nucleation rates in the ' polymorph yielded a surface
Gibbs energy for heterogeneous nucleus formation of 3.8
mJ-m=2. About 80% of the triglyceride was assumed to be in a
suitable conformation for incorporation in a nucleus. Induction
times for isothermal crystallization in the ' polymorph yielded
a surface free energy for heterogeneous nucleus formation of
3.4t03.9 m}m=2.
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Fats are being crystallized for various reasons, such as frac-
tionation into certain groups of triglycerides or to give food
products a certain texture. For fractionation of groups of

triglycerides, it is desirable that the remaining oil can be read-
ily removed from the crystals by washing procedures. There-
fore, asmall specific crystal surface area, i.e., alarge crystal

size, isdesired. If fats are crystallized to give food products
textural properties like spreadability, very small crystals are
generally desired. These small crystals aggregate due to van
der Waals forces, resulting in large aggregates or a continuous
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crystal network that gives the dispersions its consistency (1,2).
A key parameter for describing the mechanical properties of a
fat dispersion isthe proportion of crystallized fat. Low solid-
fat contents can give a spreadable product, but may also lead
to undesired oiling-off, while high amounts of solid fat can
give ahard, brittle product (3). Besides by the amount of solid
fat, the textural properties will be influenced by crystallization
temperature. For example, if a solution of 10% hardened palm
oil in sunflower oil has crystallized at 25°C, a spreadable,
solid-like dispersion with small crystalsis obtained. If the same
solution is crystallized at about 38°C it yields at room temper-
ature a dispersion with the same solid-fat content with large
spherulitic crystal agglomerates that can be poured at room
temperature. The variation in structural properties initially
arises from variation in crystal-size distribution and in the
arrangement of the crystals in space. Both size and aggrega-
tion of the crystals depend on the crystallization kinetics.

A substance can only crystallize if it is supersaturated. A
solution is supersaturated if the activity of a dissolved compo-
nent X is higher than the activity of a saturated solution, i.e., a
solution in which crystals and solute are in thermodynamic
equilibrium. We then have a chemical potentia difference Au
between the supersaturated and the crystalline material. This
Au is supposed to be equal to that of a saturated solution. For
an ideal solution, the chemical potential differenceis given by:

CX
Au = RgTInX—X [1
where R, is the gas constant, T the absolute temperature, c,
thefraction in solution at supersaturation, and X, the fraction sol-
uble at saturation. Theratio c,/x, is called the supersaturation
ratio 3, and In f is the supersaturation. The soluble fraction is
given for ideal solutions by the Hildebrand equation (4,5):

Inxy =~ == 2]

where AH;; isthe enthalpy of fusion, and T ; the melting tem-
perature of pure x in polymorph i. The most common way to
supersaturate a solution or to supercool amelt is by decreasing
the temperature so that the soluble fraction becomes smaller
than the fraction present.

Nucleation. Primary crystallization can be divided into two
consecutive processes, nucleation and crystal growth, whose
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rates both depend on supersaturation. A nucleus is amolecular
aggregate of crystalline structure that is large enough for fur-
ther growth to lead to a decrease of its Gibbs energy. The acti-
vation free energy for formation of a spherical nucleus accord-
ing to classical nucleation theory is given by:

__ 16m- vg -y3

3 (pT)?-(InB)?
where k;, is Boltzmann's constant, y is the surface free energy
of the nucleus with respect to the mother phase, v,. the molecu-
lar volumein acrystal lattice, and N, Avogadro’s number. The
product v N, equals the molar volume of the substance in a
crystal lattice. More precisely, the activation free energy isa
Gibbs energy because the pressure is presumably constant.
From isothermal crystallization experiments on emulsified hy-
drogenated palm oil (HP)/sunflower oil (SF) mixtures, we were
able to reach conditions of homogeneous nucleation and ob-
tained y =~ 4.1 mJ - m~2(6,7). The number of nuclei formed per
unit volume and unit timeis called the nucleation rate J and is
mostly expressed as an Eyring-type equation with AG* 5 as
the activation free energy for nucleus formation:

lGn-vg-y3-Nazv

3 a7 (3]

AG3D,hom =
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Th TRy ) e &

In this equation, N is the number of crystallizing molecules
per unit volume, k,T/h the natural frequency, where h is
Planck’s constant, o the fraction of the molecule that should
be in the “correct” conformation for incorporation in a nu-
cleus, and AS= AHy; /T, ; the decrease of entropy on crystal-
lization of one mole of triglyceride. The term exp(-a-ASR.)
is proportional to the probability that atriglyceride molecule
at the crystal surfaceisin the right conformation for incorpo-
ration in a nucleus. Skoda and van den Tempel suggested that
the growth of triglyceride molecules is mainly determined by
the probability that the long fatty acid chains arein a suitable
conformation (8). For this type of molecule, this will be
mainly determined by the loss of entropy. It islikely that the
same loss of entropy can also delay nucleation (Wouter
Meeussen, personal communication). To our knowledge, such
an approach in fat crystallization is never applied. From
homogeneous nucleation rates in the o polymorph in emulsi-
fied HP/SF mixtures, we found that almost the whole mole-
cule had to be in the right conformation for incorporation in
an embryo/nucleus (6,7). In bulk fats, nucleation is heteroge-
neous, which can be expressed by a smaller AG* 5 dueto a
smaller nucleus size or asmaller effectivey.

Crystal growth. The growth kinetics describes the crystal
growth rate of acrystal face as function of supersaturation or
supercooling. For detailed discussions on crystal growth, see
some review papers (9-11). The growth rate of acrystal face
depends on the state of the crystal surface, or more precisely,
on the strength of the bonds in the connected network in the
crystal for that face. The state of a surface is defined by the
surface entropy factor .. At high supersaturation, crystal
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faces are rough and continuous crystal growth occurs. The
growth rate R, would be proportional to the supersaturation:

Re=AcInp (9]

where A, is aconstant. At lower supersaturation, two-dimen-
sional nucleation on a flat surface would be necessary for
growth of anew crystal layer. This surface nucleation step then
israte-limiting. If a crystal growth is by a surface nucleation
process, the growth rate would be given by:

A -3 5
RC=A1~(In[5)p~exp(m), Wlth?s pss [6]
The constant A, contains the activation free energy for forma-
tion of a surface nucleus of critical size.

At low supersaturation, the activation free energy for sur-
face nucleation can become so high that the crystal surface
needs to contain defects, such as screw dislocations, to which
growth units can attach. For this type of growth, Burton et al.
(12) developed the BCF relation (Burton-Cabrera-Franks) that
describes the growth rate as a function of the supersaturation:

(np)? . Infe
m -tan hm (7]
inwhichIn B is aconstant specific to the system.

Only few accurate crystal growth rate measurements on
triglycerides can befound in the literature. Skoda and van den
Tempel determined growth rates of the lateral faces of single
tristearate crystals in tristearate/triol eate mixtures at low su-
persaturations (8). For In < 0.47, the crystal's became regu-
larly shaped, and the growth rate increased nonlinearly with
In 3. According to the authors, growth by a surface nucleation
mechanism could be ruled out because of the nonlinearity of
aplot of the logarithm of the growth rate against the recip-
rocal supersaturation. For In > 0.47, the crystals were irreg-
ularly shaped, and the growth rate increased about linearly
with In . Skoda and van den Tempel stated that due to the
presence of permanent steps of about 4 A, the short spacing
length of triglycerides, no surface nucleation is necessary for
growth (8). Steps with a height of about 4.5 A were shown in
electron micrographs of triacylglycerol crystals (13). The
presence of permanent steps would lead to continuous
growth, and Skoda and van den Tempel suggested that the
growth rate then is mainly determined by the probability that
the triglycerides have a suitable orientation for incorporation
in the surface (8). Other triglycerides, such as tripalmitin and
glycerol, 1,3-dipalmitate-2-stearate (PPP and PSP, respec-
tively), showed similar growth behavior.

Another important observation was that the growth rate at a
certain In B was history-dependent. If acrystal wasfirst grown
at a certain supersaturation and subsequently grown at alower
one, the growth rate at thislow supersaturation was slower than
if thislower supersaturation had directly been applied. Thisim-
plies that the state of the crystal surface, and thereby crystal
growth, can be influenced by the growth history. This observa-
tion can have important consequences for the crystal growth

Ro= A



CRYSTALLIZATION KINETICS OF TRIGLYCERIDES

rate of natural fats because they contain hundreds of different
triglycerides.

The aim of thiswork isto describe the crystallization kinet-
ics of the model fat dispersion in terms of nucleation rates and
crystal growth rates. To this end, also the polymorphic behav-
ior of thismodel system is studied.

EXPERIMENTAL PROCEDURES

Materials. The model system consisted of mixtures of HP and
SF, the HP providing the solid phase and the SF the liquid
phase. None of the fats was purified. Fatty acid compositions
and the distribution over 1,2 and 3 positions of the glycerol
molecule are discussed in another paper (7). The main triglyc-
erides were glycerol, 1-palmitate-2,3-distearate (PSS; 26%)
and PSP (39%). The HP contains less than 1% monoglyc-
erides, about 6% diglycerides, and about 94% triglycerides.
The average molar masses of HP and SF were calculated from
the fatty acid compositions and were 854 and 877 g/mol, re-
spectively. The melting temperatures of HP in the o. and B’
polymorphs are 41.8 and 57.3°C, respectively. The molar melt-
ing enthapiesof HPinthe o and p’ polymorphsare 98 and 161
kJ/mol. These data will be discussed in the Results and Dis-
cussion section. They will be used to calculate the supersatura-
tion (In B) of a HP/SF mixture at a certain temperature or to
calculate the desired crystallization temperature to have an
HP/SF dispersion crystallized at a certain initial supersatura-
tion by using Equation 1 and Equation 2.

Methods. Mixtures of HP in SF were made by melting the
HP at 80°C and bringing an amount of liquid HP in avessel.
Care was taken that the HP remained liquid while transferring
it to the vessel, thus avoiding fractionation due to crystalliza-
tion. An appropriate amount of SF was added to give the final
mixture. Prior to every experiment, the mixtures were kept at
80°C for 10 min to destroy any crystal memory.

The melting and crystallization behaviors of HP/SF mix-
tures were studied by means of differentia scanning cal orime-
try (DSC) with a Mettler DSC-30, equipped with a TC-10A
processor or a TA-Instruments DSC-type 2910. The a. poly-
morph was obtained by cooling the HP/SF mixture from 80 to
—40°C at arate of 20 K/min while measuring the heat flow. The
peak temperatures as function of fraction HP were used to ob-
tain the enthal py of fusion and the crystallization temperature
of the a. polymorph of HP by fitting them to the Hildebrand
equation. After crystallization in the . polymorph, the mix-
tures were heated at arate of 2 K/min from —40 to 80°C while
measuring the heat flow. This heating scan yielded, dependent
on the fraction HP, a recrystallization peak from a to the 8
polymorph and the melting endotherm of the  polymorph.
The peak temperature of this § melting peak as function of the
fraction HP was used to calculate the melting enthalpy and the
melting temperature of the § polymorph of HP by fitting them
to the Hildebrand equation. To obtain the ' polymaorph, the
HP/SF mixture was cooled at arate of 10 K/min from 80°C to
4 K above the o clear point of that dispersion and allowed to
crystallize isothermally for 30 min. After isothermal crystal-
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lization, the sample was cooled to -5°C and then heated at a
rate of 2 K/min to 80°C while recording the ' melting en-
dotherm. The a. clear point was calculated from the Hildebrand
equation by inserting the appropriate fraction HP (x,,,), amolar
melting enthal py of 98 kJ/mol, and a melting temperature of
315K (41.8°C). The latter two were determined by fitting the
a. crystallization exotherm peak temperaturesto the Hildebrand
equation (see Results and Discussion section).

Time-resolved X-ray diffraction was used to determine the
short spacings, from which the crystal polymorph can be ex-
tracted. The radiation source used (Cu-K ;) operated at awave-
length of 1.5405 A. Radiation was detected by using an 1025-
channd digital diode array positional detector. The position of
the detector was calibrated with potassium iodide (4.08 and
353 A). The sample holder could be heated and cooled at rates
of about 1 K/s. The a. polymorph of pure HP was obtained by
cooling the sample from 80 to 5°C at an approximate rate of 1
K/s. The p’ polymorph was obtained by cooling the sample
from 80 to 45°C at therate of 1 K/sand allowing the sampleto
crystallize isothermally for 30 min. X-ray spectra were
recorded every 5 s.

Isothermal crystallization of HP/SF mixtures was moni-
tored by pulsed wide-line proton nuclear magnetic resonance
spectroscopy (p-NMR) with a Bruker minispec P20i (Karls-
ruhe, Germany). The HP/SF mixture, which was placed in an
NMR tube, was first kept at 80°C for 10 min and then placed
in a waterbath that was at the desired temperature. The time
needed to obtain the desired temperature was about 20 s. The
amount of solid fat was determined by measuring the relaxed
signal twice after applying a90° pulse. The signal could not be
measured during the first 10 us after the pulse was applied due
to electronic recovery from the electromagnetic pulse. Within
thistime, a part of the signal from protons in the crystal lattice
had aready decayed. After 40 us, the signa from the solid pro-
tons decayed, and the signal was due only to the signal of the
liquid protons. The measured signal was proportional to the
amount of protons. From the measured signals at 10 and 90 us
after applying a 90° pulse, and after applying a correction for
the signal decay between 0 and 10 us after the pulse by means
of an f-factor, the fraction solid can be calculated. The f-factors
were determined from the measured NMR signals and the ex-
pected fractions solids from Equation 2 by using values of AH;
and T, ,; that were determined by DSC. The f-factors for HP/SF
mixtures crystallized in the o and ' polymorph were 1.14 and
1.44, respectively. The solid fat fraction was determined by av-
eraging the signals from three pulses at repetition timesof 5 s.
This repetition time was sufficient to avoid saturation of the
signal due to incomplete relaxation. The reproducibility of this
determination was about 0.3-0.4 % solid fat.

RESULTS AND DISCUSSION

Thermal properties of HP. Figure 1 shows the thermal effects
during heating of HP that had crystallized at various condi-
tions. The samples were first quenched to -80°C to crystallize
the HP. During heating of the sample (trace 1) at arate of 2

JAOCS, Vol. 77, no. 4 (2000)



392
exo
2 endo
°
o
T
(4]
T

30 40 50 60 70
T (°C)

FIG. 1. Differential scanning calorimetry (DSC) heating curves of hy-
drogenated palm oil (HP), crystallized by rapid cooling from -80 to
80°C. Trace 1: heating from -80 to 80°C at 2 K-min~L. Trace 2: heating
from 5 to 80°C at 2 K-min™ after isothermal crystallization for 30 min
at 50 and cooling to 5°C (graph only shows traces starting at 30°C).

K/min, first an endothermic peak was observed, followed by
an exothermic peak, and finally alarge endothermic peak. As
the HP was cooled rapidly to -80°C, it islikely that at |east part
of the HP had crystallized in the most unstable o polymorph.
The first endotherm on heating (T = 48°C) then would corre-
spond with melting of the a polymorph, and the exotherm at
50°C with recrystallization of the a. polymorph to a more sta-
ble polymorph (B’ and/or ). Thefinal endotherm around 59°C
would correspond with melting of the more stable polymorph.
Simultaneous with endothermal melting of the o polymorph,
some exothermal recrystallization to a more stable polymorph
may have occurred, which might explain the small melting en-
dotherm of the a. polymorph as compared to the large melting
endotherm of the more stable polymorph. The final endotherm
seems to be formed by more than one peak, which suggests the
simultaneous occurrence of different polymorphs, or the exis-
tence of compound crystals, or baoth.

When the melting scan was stopped at 50°C for 30 min to
alow HP to (re)crystallize isothermally, followed by cooling
to 5°C and then determining a melting scan (trace 2), only an
endothermic melting effect was observed. The peak tempera-
ture was at alower temperature than in a continuous scan, and
the melting peak seemed to be smooth. Thisindicatesthat, after
isothermal crystallization at atemperature slightly above the o
melting temperature, HP crystallizes in a less stable poly-
morph, probably the ’ polymorph. The width of the melting
peak (morethan 10 K) suggeststhat arange of compound crys-
tals of different composition melt.

The polymorphic forms were checked by determining X-
ray diffraction spectrafor HP, crystallized at 5 and 45°C for 30
min (Fig. 2). It isclear that isothermal crystallization at 5°C
predominantly yielded the a polymorph, while crystallization
at 45°C almost exclusively yielded the ' polymorph. It is not
clear whether heating of HP that had crystallized in the o poly-
morph yielded the B’ polymorph, the § polymorph, or a mix-
ture of both. The latter seemsthe most likely. In the absence of
oil and at room temperature, the o polymorph was observed to
be stable for at least 30 min.

Thermal properties of HP/SF mixtures. The DSC melting
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FIG. 2. X-ray diffraction spectra of HP crystallized at 5 and 45°C. The
indicated numbers are the spacings in nm. Characteristic short spacings
are (Ref. 14): o, 0.415 (s)/p’, 0.38(s) and 0.42(s)/p, 0.46 and 0.36-0.39
nm; (s) = strong. See Figure 1 for abbreviation.

curve of HPin the ' polymorph only shows one broad melt-
ing peak (Fig. 1; trace 2). Although extensive compound crys-
tal formation will occur owing to the variety of triglycerides
present, we will treat HP as a one-component system with one
melting point and one melting enthal py for each polymorph.
Thisis alowed because the triglyceridesin HP are all smilar:
They all contain completely saturated fatty acid residues and
most of these are palmitic and stearic acid. We will also treat
the SF as a one-component system. Under the experimental
conditions, SF will always be liquid. Because the melting
points of HP and SF differ by more than 45 K, the solubility of
HPin SF can be approximated by the Hildebrand equation (Eq.
2) (4,5). This equation assumes ideal mixing behavior, which
will not be quite true for the ' polymorph in our system. By
fitting the melting temperatures of a certain polymorph of mix-
tures that contain various amounts of HP to the Hildebrand
equation, effects due to nonideal mixing will be incorporated
in the calculated melting enthalpy and melting temperature.
However, the combination of the experimental values of melt-
ing enthalpy and melting temperature would provide an amost
correct solubility of HPin SF.

The o polymorph can be obtained by cooling a solution so
rapidly that nucleation inthe 3’ or  polymorph does not occur.
Because the a. polymorph in bulk fats cannot be supercooled
deeply, the onset temperature or the peak temperature mea-
sured by DSC would only be alittle below the o clear point.
After crystallization in the a. polymorph, the mixtures were
heated. On heating, none of the HP/SF mixtures showed an a.-
melting peak; nevertheless, an exothermal crystallization peak
was present. The endothermal effect of melting of the o poly-
morph may have been masked by the simultaneous exothermal
effect of recrystallization in the more stable polymorph. Melt-
ing of the recrystallization product showed alarge endother-
mic melting peak (' and/or 3 polymorph). This peak did not
show adiscontinuity, as seen for a100% HP sample. To obtain
the p’ polymorph, solutions were kept for 30 min at atempera-
ture 4 K above the clear point of a. crystals. After cooling back
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FIG. 3. Peak temperatures of the crystallization and melting processes
measured by DSC as function of the fraction HP in HP/sunflower oil (SF)
mixtures. O, crystallized in the o polymorph; O, melting after crystal-
lization in the o polymorph (which obtained the g polymorph); *, melt-
ing after isothermal crystallization at 4 K above the o clear point (which
obtained the B’ polymorph). The lines were fitted to the Hildebrand
equation. See Figure 1 for abbreviations.

to -5°C, the DSC melting profile was measured. Figure 3
shows that the measured peak temperatures can be fitted well
with the Hildebrand equation, yielding the molar melting en-
thalpy and the melting temperature of HP. The figure shows
hardly any difference between melting of the polymorph ob-
tained after melting of the o polymorph (which consists mainly
of the § polymorph) and the polymorph obtained after isother-
mal crystallization at 4 K above the o clear point (which isthe
3" polymorph).

The melting enthal pies and melting temperatures obtained
from the fit of the thermal data of HP/SF mixtures, together
with the data for 100% HP, are given in Table 1 and will be
compared with each other. The fitted melting temperatures cor-
respond well with the temperatures measured for pure HP for
all polymorphs. Thereisonly adight differencein the enthalpy
of fusion for the a. polymorph obtained from HP (98 kJ/mal)
and from the mixtures (84 £ 0.8 kJ/mol), which suggests that
the Hildebrand equation well describes the solubility of the o
polymorph of HPin SF. Wesdorp concluded from an extensive
study that the formation of compound crystals in the a poly-
morph hardly disturbed crystal packing due to freedom of the
fatty acid chain for oscillations (5). Therefore, the mixing of
the solid phase in the o polymorph is about ideal.

TABLE 1
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FIG. 4. X-ray diffraction spectra (short spacings) of a 10% HP/SF mix-
ture crystallized at 5°C as function of holding time (indicated in min-
utes near right-hand y-axis). See Figure 1 and 2 for abbreviations.

There was a considerable difference between the melting
enthalpy for HP obtained from the fit of the peak temperatures
and that obtained from the pure HP sample when crystalliza-
tion occurred in a more stable polymorph (' or p). Thisis
probably due to nonideal mixing behavior in the f’ and  poly-
morphs and compound crystal formation (5). Another possibil-
ity for the lower molar enthalpy of “pure” HP isthat liquid im-
purities present in HP are dissolved in the oil phase of HP/SF
mixtures and therefore do not cause defects in HP crystals
formed. There is no significant difference between the melting
temperatures, when the more stable polymorph is prepared by
recrystallization from the o polymorph (57.2 £ 0.5°C) or by
direct crystallization at a temperature above the o. clear point
(57.3+£0.7°C).

Although melting temperatures and melting enthal pies ob-
tained from DSC melting scans can give some indication about
the polymorph(s) present, the only reliable way to determine
thisisby means of X-ray diffraction. Therefore, we determined
X-ray spectra of 10% HP/SF mixtures that had isothermally
crystallized at 5 and 15°C. Figure 4 clearly shows that, at a
temperature of 5°C, crystallization takes place in the a. poly-
morph (short spacing 0.415 nm). The intensity of the o peak at

Melting Enthalpies and Melting Temperatures of Hydrogenated Palm Oil?

From mixtures

From pure HP

Experiment AH;; T AHy; T
(polymorph indicated) (:molY) (°C) (-mol™Y) (°C)
a-Crystallization

exotherm () (8.4 +0.8)-10* 41.9+1 9.8-10* 41.8
Melting after a-crystallization

endotherm (B) (1.7 £ 0.1)-10° 57.2+0.5 1.12.10° 57.4
Melting after p'-crystallization

endotherm (B') (1.6 £ 0.1)-10° 57.3+0.7 1.35.10° 57.6

aEnthalpies and melting temperatures with 95% confidence limits obtained by fitting peak transition
temperatures of hydrogenated palm oil/sunflower oil(HP/SF) mixtures to the mole fraction of HP by

using the Hildebrand equation.
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0.415 nm decreased in time, and peaks at 0.37 and 0.39 nm and
astrong double peak at 0.45-0.46 nm appeared or increased in
intensity. These peaks correspond to the  polymorph (14).
There is also an increase in intensity of a peak at 0.42 nm,
which correspondsto the ' polymorph. Crystallization in the
a. polymorph of HP/SF mixtures thus leads to a fast transfor-
mation to a mixture of some ' crystals and predominantly
crystals.

At 5°C the polymorphic transformation from o to f'/p ina
10% HP/SF mixture took about 30 min. Isothermal crystalliza-
tion experiments at 15°C showed a transformation in about 3
min. Pure HP, crystallized at 5°C, did not show any transforma-
tion at this temperature in 30 min. This shows that both the
presence of aliquid phase and higher temperatures enhance
transformation from the o. polymorph to a more stable one.

The activation energy for the polymorphic transition can be
estimated from the time scales of the transition at the two tem-
peratures. The time scales of the transitions are inversely pro-
portional to the reaction rate of the transitions. The reaction
rate is, in turn, proportiona to exp[—AE*a/(RgT)], where
AE*, is the activation energy of the rate-limiting step
of the polymorphic transition. The ratio between the time
scales of the transition at temperatures T, and T, is given by
exp[-AE*/ Rg-(Tl‘1 - T,™], from which AE* , can be calcu-
lated. Substituting time scales of 1,800 and 180 s at tempera-
tures of 278 and 288 K, respectively, would give an activation
energy of 153 kJ-mol~%. Thisvalueis close to the melting en-
thalpy of HP in the p'/p polymorph, as determined from the
melting curves of HP/SF mixtures. Therefore, it is likely that
crystalization of the '/ polymorph istherate-limiting step in
the polymorphic transition of the o polymorph. Probably the
transition occurs by a dissolution—crystallization process be-
causeit is associated with a change in the extent of compound
crystal formation. Initiation of the more stable polymorph can
occur by nucleation in this polymorph, because the solubility
of the a. polymorph in the SF is small at the prevailing condi-
tions, so that the soluble material can become supersaturated
for the more stable polymorph. The solubilities of the o poly-
morph at temperatures of 5 and 15°C are, according to the
Hildebrand equation, 0.7 and 3%, respectively. The solubilities
of the ' polymorph at these temperatures are 0.00164 and
0.0184%, respectively. At these conditions, In § of the dis-
solved triglyceridesin the p’ polymorph, assuming their ther-
modynamic properties to be the same as for HP, would equal
In(0.7/0.00164) = 6.1 and In(3/0.0184) = 5.1, respectively.

If the mixtures had crystallized at atemperature above the
onset of the a-clear point, X-ray diffraction spectra only
showed the ' polymorph, even after several days of storage.
This leaves the question as to why the transformation o — (/,
(3) does occur, even with some preference for the 5 polymorph,
while after crystallizing in the B’ polymorph, no transition to
the B polymorph occurs. Thisis probably due to the formation
of compound crystals. Extensive compound crystal formation
in the a. polymorph will lead to alarge differencein chemical
potential difference between the a. polymorph and the most sta-
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FIG. 5. Isothermal crystallization curves of 12% HP/SF mixtures at vari-
ous initial supersaturations. Solid lines are fitted with the Gompertz
equation. Supersaturation (T in °C): O, 2.25 (34.5), + 2.50 (33.3); *, 2.75
(32.1); O, 3.00 (30.9); A, 3.25 (29.7). See Figures 1 and 3 for abbrevia-
tions.

ble B polymorph, and thereby to a considerable driving force
for recrystallization. Formation of compound crystalsin the p’
polymorph is less extensive, and the driving force for recrys-
tallization would thus be smaller.

Crystallization kinetics. The crystallization kinetics of mix-
tures, containing 6, 8, 10, 12, or 14% HP/SF, at initial super-
saturations in the ' polymorph ranging from 2.25t0 4.00in
steps of 0.25, were determined by p-NMR. This means that for
each HP/SF mixture and initial supersaturation, a different
crystallization temperature was used. For a 10% HP/SF mix-
ture, the crystallization temperatures for an initial supersatura-
tion of 2.25 and 4.00 were 33.5 and 25.3°C, respectively, while
for the 14% HP/SF mixture, they were 35.3 and 26.2°C, re-
spectively. These different temperatures at the sameinitia In 3
will also lead to differences in continuous phase viscosity,
which will certainly influence mass transport of molecules
from the bulk to the crystal surface.

Figure 5 shows the determined crystallization curves of
12% HP/SF mixtures at variousinitial In . Itis clear that the
induction timefor crystallization increased with decreasing ini-
tial supersaturation. This can be explained by the strong depen-
dence of the nucleation rate on supersaturation, according to
Equations 3 and 4. Thefinal fraction of solid fat increased with
increasing initial supersaturation due to the decrease of solu-
bility, as expected from Equation 2.

To model crystallization kinetics, one hasto know the rela-
tion between crystal growth rate and supersaturation. To ob-
tain the supersaturation as function of time, we fitted the crys-
tallization curves to a modified Gompertz equation (15). This
fit yields an analytical expression that gives the supersatura-
tion as afunction of time. A reparameterized Gompertz equa-
tionis:

(1) = S ~e«p{— exp[gn—’e-(x -1) +1H [8]

aX

where §(t) is the fraction solid fat at timet and s, the maxi-
mum fraction of solid fat, u the maximum increase rate in frac-
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tion solid fat (or the tangent of the crystallization curvein its
inflection point), A anominal induction time defined asthe in-
tercept of the tangent line at the inflection point with the time-
axis, and e equals 2.7183. At t = ), the fraction solid fat would
equal 0.066 s,,,. The maximum fraction of solid fat s, can
be written as:

Stnax = Co,HP ~ XHP =%,HP'(1—%) (9]

where ¢, 5 is the fraction HP present and B, the supersatura-
tion ratio at the start of crystallization, which are constants. So,
only parameters u and A\ are left to fit the crystallization curve.
Figure 5 shows that the reparameterized Gompertz equation
fitted the crystallization curves well.

The obtained induction time A can be used to estimate the
surface free energy for formation of a nucleus of critical size.
If it is assumed that A is a measure of the nucleation rate in
which A « J =1, we obtain for anucleus (10):

VCZ Y -3 1
(T (InBo)?
This equation assumes the collision frequency, and the entropy
changes on variation of In  can be neglected. From the slope
of aplot of In A against (In [30)'2, y can be calculated. For the
systems studied, such a plot is shown in Figure 6, and the fit
results are given in Table 2. The datain Figure 6 show that
there is a linear relation with good correlation coefficients
(Table 2). The slopes yield an average surface free energy for
formation of anucleusin the g’ polymorph of about 3.4-3.9
mJm~2, independent of the HP fraction. This value can be used
to calculate the nucleation rate for modeling the crystallization
kinetics. Therea value of the surface free energy of a nucleus
would be higher because nucleation type in bulk fats is hetero-
geneous and Equation 10 is valid for homogeneous nucleation.
From homogeneous nucleation rates in the a polymorph of
emulsified 10% HP/SF, we determined a surface free energy of
about 4.1 mIm2(6,7).

The only unknown parameter for cal culating the nucleating
rate as a function of time or supersaturation is o, which is de-
fined as the fraction of the triglyceride molecule that should be
in a suitable conformation for incorporation in the nucleus.
However, o may aso account for other delaying factors. From

In\ « [10]

<>

! g
B © 8% HPISF
o 10% HP/SF
A 12% HPISF
X 14% HP/SF

In A (s)
QO—‘NthIO)NI

0.5-10° 1-10° 1.5-108

321 (kT In(B)?]

FIG. 6. Induction time A as function of a supersaturation term to allow
estimation of the surface free energy for nucleus formation.
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TABLE 2
Estimation of the Surface Free Energy for Nucleation of HP/SF Mixtures?

HP/SF (%) v (mIm~2) r? (-)

8 37+02 0.978
10 3.6+0.3 0.976
12 3.6+0.2 0.988
14 3.6+0.1 0.998

aMixtures had various HP contents from the induction time for crystalliza-
tion as a function of initial supersaturation. The induction time equals A (cf.
Eq. 7); r is the correlation coefficient. For abbreviations see Table 1.

the modeling of nucleation kinetics in emulsified fats, we cal-
culated o = 1 when nucleation was assumed to occur in the o
polymorph (6,7). For heterogeneous nucleation in the g’ poly-
morph, o. is expected to be smaller than 1 because once amol-
eculeis partially incorporated in the closer packing of the g
polymorph, the rest of the molecule will be forced to do also.
Calculation of the crystallization curves showed that an o
value of 0.8 resulted in an average final crystal radius of about
0.2 um. This corresponds to a plate-shaped crystal with a
length of 1.1 um when it is assumed that it has the same vol-
ume as the spherical crystal and the length/width/thickness
ratio is 10:2:1. This crystal length was about the size of pri-
mary structures that could be observed on polarized micro-
graphs of samples crystallized at high supersaturation.

Because the nucleation rate and supersaturation are known
as functions of time, it is possible to calculate the crystal
growth rate R, as afunction of time or supersaturation. This
was achieved by calculating, for every time step At, (i) the
number of nuclel J-At produced, and (ii) by how much the crys-
tals had to grow (R.-At) to yield the fraction crystallized given
by Equation 8. After each time step, the nucleation rate corre-
sponding to the new supersaturation was calculated, and the
procedure was repeated. So, after each time step, anew crystal
sizeinterval was created. The growth rate at each time step was
calculated by using aroot-solving procedure.

It is assumed that the crystals are spherical. In reality, the
crystals are platelets, having several growing faces, each hav-
ing its own growth rate. The ratio of growth rates of the vari-
ous faces equals the ratio of the crystal dimensions perpendic-
ular to the faces. We suppose the crystals to be paral el epipeds,
having three pairs of growing faces, x, y, and z, with linear
growthratesR,, R, and R,, respectively. Furthermore, R /R =
aand R /R,= b. The volume of the crystal in time can then be
expressed as function of one growth rate and is given by
(ab)™1-R 33, If the ratio of the growth rates of the various
faceswill remain constant, the volume of acrystal and thereby
the crystallization curves can be fitted by using only one crys-
ta growth rate.

Because the modified Gompertz equation is unsuitable to fit
the part of the crystallization curve betweent =0and t = A (be-
cause the solid fat fraction could not be determined with suffi-
cient accuracy), the growth ratein thistime interval was calcu-
lated from the Avrami equation (16,17). The Avrami equation
givesthe solid fraction afunction of time for constant Jand R...
Both parameters are constant for a constant supersaturation.

JAOCS, Vol. 77, no. 4 (2000)
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Thiswill be approximately true betweent=0and t = A, and
thus the Avrami equation can be used to calculate theinitial R,
because the nucleation rate J is known. We calculated the time
after which 0.5% solids would be present, from Equation 8,
and substituted thistime in the Avrami equation. For spherical
crystalsthat remain separate, the Avrami equation is:

S(t)zén.pcs.J.tzl [11]
After crystallization of 0.5% HP in a 10% HP/SF mixture, the
supersaturation ratio is about 95% of itsinitial value. We ne-
glected the effect of this decrease on the nuclestion rate. At t >
A, the Gompertz equation was used to describe the amount of
solid fat.

Figure 7 shows the fitted growth rates as a function of su-
persaturation for 12% HP/SF mixtures during crystallization at
variousinitial supersaturations. These growth curves coincide
for o= 0.8 and y = 3.8 mJ-m~2, while for higher values of v,
the growth curves strongly deviate from each other.

The growth rate curves show some irregularities at the be-
ginning of the crystallization process, i.e., at the right-hand side
of the growth rate curves. This may be due to the change from
the Avrami equation to the modified Gompertz equation at t =
. Because the rates of increase of the solid fraction at a solids
percentage of 0.50% differ for both equations, the cal culated
growth rate curve cannot be continuous at that point. Figure 7
showsthat, for In3 > 1, log R_ islinear with In 3, and the growth

108

10° |

Re(m-s1)

10710

10-11 |

107

10°% |

10° |

Rc (m-s*1)

10-10

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

FIG. 7. Growth rate (R.) curves calculated from crystallization curves of
12% HP/SF mixtures for various initial supersaturations. In f,: O, 2.25;
0, 2.50; A, 2.75; x 3.00; *, 3.25; o, 3.50. Nucleation parameters: o. =
0.8; (A): y = 3.8 mI:m~2; (B): y = 5.0 mJ-m~2. See Figures 1 and 2 for ab-
breviations.
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rate curves can be described by arelation of the following form:

INR, =INAy +by-InBor R, = Ay-B [12]
Thistype of equation is not equivalent to any of the theoretical
growth rate equations given previously. We will come back to
this point later.

Because now afunction isknown that empirically describes
the growth rate as function of supersaturation, the crystalliza-
tion curves can be fitted by varying only A and bg for agiven
a andy. Only the last part of the crystallization curve, corre-
sponding to supersaturations below 0.8, cannot be fitted easily.
There are two main advantages of using Equation 12: only two
parameters are needed to describe the growth rate as function
of supersaturation, and there is no discontinuity when going
from the Avrami equation to the modified Gompertz equation.

The measured data were fitted to Equation 12 by minimiz-
ing the sum of the squares of the differences between the fitted
and the measured fractions solid fat. Figure 8 shows the fitted
lines. There are some small differences compared to the fits ob-
tained with the Gompertz equation (Fig. 5).

Thefit coefficients A and b from Equation 12 are com-
piled in Table 3 and show that, for supersaturations below 2.75,
the dope b, equals about 1.5. For supersaturations of 2.75 and
higher, the slope decreases to avalue of about 1.3. The same
slopes were determined for mixtures containing various frac-
tions of HP. The step change of b, between In § 2.50 and 2.75
is probably related to the morphoFogy of the crystal structures.
Polarized microscopic observations showed that spherulitic
structures were formed for supersaturations below 2.75. At
higher supersaturations, the polarized micrographs showed
small structures with atypical size of 1 um that were evenly
distributed over space.

As mentioned, it was not possible to fit the crystallization
curves by using one of the theoretical growth rate equations.
Possible explanations for this observation are: (i) The common
growth models are only suited for mixturesthat are dightly su-
persaturated, say In 3 of about 0.01 to 1. At higher supersatu-
rations, their applicability is limited because: heat of crystal-

fraction solids (-)

3000 4000 6000

time (s)

0 1000 2000 5000
FIG. 8. Measured and fitted crystallization curves of 12% HP/SF mix-
tures crystallized at various initial supersaturations. The fits were ob-
tained from growth rate (Eq. 11). Initial supersaturation: O, 2.25; +,
2.50; *, 2.75; O, 3.00; A, 3.25. See Figures 1 and 2 for abbreviations.
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TABLE 3

Coefficients Ag and bg from Growth Rate®

In By (-) Ay (m-s7) by (=)
2.25 1.4.1071% 1.50
2.50 1.1.1071% 1.50
2.75 1.39-10°1 1.31
3.00 1.24.1071% 1.31
3.25 1.78-1071% 1.31
3.50 1.80-1071% 1.31

aValues obtained from a fit of isothermal crystallization curves of 12% HP/SF
mixture at various initial supersaturation. See Table 1 for abbreviation.

lization has to be removed and molecules may not be able to
diffuse fast enough to reach the crystal surface. Both phenom-
ena can result in an effectively lower supersaturation at the
solid-liquid interface than is calculated on the basis of the
amount of crystallized material. Assuming a heat diffusion co-
efficient D* of 10-" m?/s, the radius of p-NMR tube R =4 mm,
and the Fourier number Fo(cylinder) = D* -t0_5/R2 =0.2yields
acharacteristic timet, 5 of 32 s, during which the amount of
heat is halved. A maximum crystallization rate of 6 - 104 s7%
(winEq. 7; 12% HP/SF, In B, = 3.50) corresponds to a temper-
ature increase rate of 0.027 K/s, assuming a specific heat ca-
pacity of 4 kJkg~*K™* and no hest loss. In t,, the temperature
increase would be about 0.9 K, which will certainly affect the
real supersaturation. Also, the diffusion length of atriglyceride
molecule at D* = 10° m%/sisabout 3- 10 °mforty.,=1s.
This distance is much larger than the displacement of the
solid-iquid interfacein 1 s, which is at most 10 nm. Hence,
the crystallization rate would not be diffusion-limited.

(i) Because HP consists of various triglycerides, the super-
saturation, which determines the magnitude of the nucleation
rate, isarather ill-defined term. The supersaturation is cal cul ated
for the mean thermodynamic bulk properties of HP/SF mixtures,
while during crystallization, some fractionation of triglycerides
may OCCL.

(ii) Dueto the variety of triglycerides, crystal defects will
form that can influence the incorporation of other triglycerides
at the crystal surface. The description of the crystal growth ki-
netics is even more hampered due to the competition between
various not perfectly matching triglyceride molecules.

(iv) The anisometric shape of the triglyceride molecule and
of the crystal will greatly hamper the microscopic description
of theincorporation process of atriglyceride molecule. It isnot
unlikely that the activity coefficients depend on the supersatu-
ration in a different way for each crystal face.

(v) It isassumed that the nucleation rate can be described by
the classical nucleation rate equation, athough it isby no means
surethat it is allowable. For instance, no direct account is made
for the occurrence of secondary nucleation. However, its effect
may perhaps beincorporated as an apparent surface free energy.

(vi) Aggregation and sintering of crystals will lead to ade-
crease in the effective crystal surface and therefore to alower
crystallization rate. Thiswill become more pronounced if strong
clustering of crystals to compact aggregates or thickened crystal
strands occurs, i.g, in later stages of the crystallization process.

Aggregation and gelation times. Although, as discussed
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above, there are many uncertainties in describing the crystal
growth rate as afunction of supersaturation, it may provideim-
portant information about the crystal-size distribution as a
function of time, which can be used to estimate aggregation or
gel times. Fat crystals aggregate due to van der Waalsforces as
soon as the crystals become large enough to overcome thermal
energy. The aggregation time is the time needed to halve the
number of particles, and for rapid diffusion-limited aggrega-
tion of spherica particlesis given by (17):

3 _n~n-a3

4-kpT-cp  koT-0
wherer isthe viscosity of the continuous phase, ¢, the num-
ber concentration crystals, a the crystal radius, and ¢ the vol-
ume fraction solid fat. At alow volume fraction of crystallized
fat, the fat crystal aggregates have a fractal structure with a
fractal dimensionality D of about 1.7 (6,19). Ongoing aggrega-
tion then will lead to gelation. The gel timefor fractal aggrega-
tion isgiven by (20):

[13]

tos

D-1.(,__6D 3D\.”'n'33.¢0—3
\" 2D+3 D+6) kT

10" t t

tgd =7 [14]
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FIG. 9. Values of various crystallization parameters as a function of time (t)
after cooling of 12% HP/SF systems at initial (In f,) supersaturations of 2.75
(dotted line) and 3.50 (solid line). Results are calculated from experimental
data on nucleation and growth. See Figures 1 and 2 for abbreviations.
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where zis a constant depending on the fractal dimensionality
(z=0.884for D = 1.7). Because the average crystal size and
the volume fraction of solid fat are known as function of time,
the time scales of aggregation and gelation can be evaluated as
function of crystallization time. Figure 9 compiles various
crystallization parameters as function of time. It shows that
gelation already occurs early in the crystallization process.
Short time scales for aggregation and gelation were indeed ob-
served from steady shear viscosity measurements during the
aggregation of fat crystalsin low-volume fraction solids mix-
tures and dynamic rheol ogical measurements on crystallizing
mixtures (6,21). Gelation aready occurs at a solid fat fraction
of 0.01 or less, implying that a continuous network is formed
long before crystallization is complete. The order of magni-
tude of the time scale for gelation agrees well with gel times
ranging from 40 to 330 s, as determined by dynamical rheo-
logical measurements of 12% HP/SF mixtures at initial super-
saturations of 3.50 and 2.75, respectively (6). The structure of
the fat crystal aggregates and the mechanical properties of the
fat crystal networks will be discussed el sewhere.
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