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ABSTRACT: A comprehensive study of the isothermal crystal-
lization kinetics of tripalmitin-tristearin mixtures was carried out
using DSC, with data fitted to the Avrami equation. Polymorphs
were identified by subsequent melting of samples in the differen-
tial scanning calorimeter, with additional confirmatory informa-
tion obtained from wide-angle X-ray diffraction. It was found that
o-, B’-, and B-forms require small (<1.0°C), moderate (3.5-8.5°C),
and large (9.0-13.0°C) amounts of subcooling below their respec-
tive polymorph melting temperatures for nucleation to occur.
Concurrent crystallization of B and B’ polymorphs was not ob-
served. The B polymorphs exhibited sharper heat flow exotherms
than B’, due to the higher crystallization driving forces experi-
enced. Analysis of apparent induction times shows that the acti-
vation free energy of nucleation for the B-form is significantly
higher than for the B’-form. Samples rich in either species crystal-
lized faster (both shorter apparent induction times and sharper
peaks) than samples with equivalent compositions. Driving-force
arguments do not fully explain this behavior, strongly suggesting
that mass transfer resistances (greatest for equivalent composi-
tions) have a significant effect on kinetics. Multiple crystallization
events were observed for 50-80% tristearin samples between 56
and 60°C and were attributed to a demixing of tripalmitin-rich
and tristearin-rich B phases, in line with established phase dia-
grams.
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The phase behavior and crystallization kinetics of TG have
been extensively studied (1), and these studies have generally
concentrated on either single TG or natural fats. Natural fats
are complex multicomponent mixtures of TG and other minor
components, and their crystallization behavior is poorly under-
stood in comparison with well-defined systems of pure TG. A
better understanding is required. One approach to the behavior
of real fats is to build up an understanding of the interactions
between individual TG components. A number of workers
have studied the equilibrium phase behavior of mixed TG, and
this has resulted in the publication of phase diagrams for a
number of binary and ternary systems (2,3). Much rarer, how-
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ever, are studies where the crystallization kinetics of mixed sys-
tems are examined (4,5). This paper seeks to study such behav-
ior in tripalmitin-tristearin binary mixtures.

The polymorphic and phase behavior as well as the crystal-
lization kinetics of pure tripalmitin and tristearin has been re-
ported previously in the literature (6—10). However, relatively
few studies have been performed on blends of tripalmitin and
tristearin, although a phase diagram is well established (11-13).
In this work, the isothermal crystallization and subsequent
melting of tripalmitin-tristearin mixtures covering the whole
composition range were studied using DSC. This technique is
able to provide accurate and reproducible kinetic data and also
yields information on the identity of the resulting polymorphs
by a subsequent melting of the crystallized material, which can
be compared with literature data (14,15). However, DSC does
not always provide unequivocal identification of polymorphic
forms, especially in blends containing species of different melt-
ing points. X-ray diffraction was used to resolve ambiguous
cases of polymorph identity.

The aim of these experiments was to investigate thoroughly
the effect of composition and isothermal temperature on the
polymorphic behavior and the crystallization kinetics of these
mixtures. It is hoped that such an approach will contribute to a
better understanding of real fat systems.

MATERIALS AND METHODS

Materials. All materials were used as supplied without further
purification. Tripalmitin and tristearin were obtained from the
Sigma Chemical Co. (>99% pure; Dorset, England). Samples
were formulated at intervals of 10% composition on a mass
basis and were weighed directly into the DSC pans. Stainless
steel pans were used, as they were found to give more repro-
ducible results in preliminary experiments compared with alu-
minum pans. This may be due to the larger mass used for the
stainless pans, which increases the chance of consistent num-
bers of nuclei being present.

DSC. The calorimeter used was a PerkinElmer Pyris Diamond
equipped with an autosampler. Calibration for temperature was
carried out using indium and cyclohexane, and for enthalpy using
indium. Calibrations were applied for a 10°C min~! scanning rate
(16). This was then corrected for isothermal conditions by adding
a value of 0.5°C to all recorded sample temperatures, which cor-
responds to the difference between a calibration at 10°C min~!
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and a calibration extrapolated to zero scan rate, obtained from a
series of calibrations performed at different scan rates.

After loading into the DSC, samples were first heated to
90°C and held for 5 min to obtain an isotropic melt and to melt
potential high m.p. impurities. Thereafter the sample was
cooled at a rate of 50°C min~"' to an isothermal holding tem-
perature in the range 50.5 to 62.5°C for tristearin-rich samples
or 40.5 to 62.5°C for tripalmitin-rich samples. Samples were
then held at the isothermal holding temperature for times rang-
ing from 20 to 90 min. During this time, crystallization was
monitored by observing the isothermal heat flow. The sample
was then heated at a rate of 10°C min~! to 90°C to provide a
melting endotherm for polymorph identification by compari-
son with the melting temperature of peaks from the literature
(2,3,11). Samples were reused for further experiments by hold-
ing for 3 min at 90°C before once again cooling to a second
isothermal temperature. Preliminary experiments suggested
that continual reheating of samples had little effect on their
melting and crystallization behavior, which is not unexpected
as these lipids are saturated and thus relatively unreactive.
Thus, all thermograms relating to a specific composition are
based on the same sample.

X-ray diffraction. The X-ray measurements were carried out
using copper Ko radiation of wavelength 1.54 A on a Bruker
model D5005 X-ray diffractometer operating in 6/60 mode and
equipped with an Anton Paar variable temperature stage. Rapid
cooling (up to 30°C min~') and heating of samples was
achieved by a jet of liquid nitrogen directed onto a cold finger
assembly together with direct electrical heating of the sample
holder. Temperature control was accurate to within 1°C. Con-
densation problems on the sample were avoided by purging the
sample chamber with dry gas or pulling a vacuum line on the
system. Accurate calibration of the diffraction angle was ob-
tained by using silicon powder as a standard.

Data treatment. The DSC crystallization data were fitted to
the Avrami equation (17,18) supplemented by an apparent in-
duction time; see Equation 1. This was applied to the DSC
traces after subtracting the baseline and normalizing by divid-
ing by the total peak enthalpy.

Xsolid(’):l_exp[k(t_tind)n] (1]

The fitted parameters are k, a rate constant; n, a geometric fac-
tor; and bind the apparent induction time; and Xeonialt) is the
solid fraction of the sample at time ¢. The parameter & is related
to the growth rate of crystals, but the units of k are dependent
on n. Therefore, to provide a better indicator of the relative
rates of crystallization post-nucleation, a composite variable
was defined, ¢, o which is equivalent to the time taken for half
of the overall level of crystallization to be reached after the ap-
parent induction period has passed, or

In
L, =[EJ (2]
k

Parameter estimations were performed using the curve-fitting
toolbox in MATLAB® 7 (Mathworks, Inc., Natick, MA). For
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data exhibiting a very long apparent induction time, it was
often necessary to assist the curve-fitting algorithm by provid-
ing an allowable range for ¢, ;. This was achieved in practice
by manually truncating the start of the dataset, performing the
fit, and adding the truncated time back to the fitted time to give
the recorded induction time. It should be emphasized that the
apparent induction times quoted are the results of fits of the en-
tire crystallization curve to the Avrami equation, and are not
based on the first detectable signs of crystallization, which is
common in many studies of nucleation. The accuracy of the ap-
parent induction times quoted is thus more dependent on the
ability of the Avrami equation to model the crystallization real-
istically than the sensitivity of the technique to detect crystal
nuclei. Reproducibility studies by which three repeat scans
were made of the same experiment were performed on selected
samples.

The induction time of nucleation is often assumed to corre-
late inversely with the nucleation rate J (although they refer to
two different aspects of nucleation). The nucleation rate can be
related to the activation free energy of nucleation, AG, by
the Fisher—Turnbull equation (19):

_ - -AG
J= Nkl exp AGaify exp st [3]
n kyT kyT

where AG g is the activation energy of diffusion; k is the
Boltzmann constant; N is the Avogadro number; 4 is Planck’s
constant; and 7 is the absolute temperature. The activation free
energy of nucleation is related to the surface free energy of the
crystal/melt interface, ¢, and the crystallization temperature
driving force AT. We have defined AT as the degree of subcool-
ing below the m.p. of the polymorph that forms Tp, ie., AT =
(Tp — T). If spherical nuclei are assumed this expression gives
(20):

cryst’

(n,)

) (ar)’

16
— o’

Tyst = 3 [4]

AG,
(AH cryst
Consequently, a plot of In(T%, ) vs. 1/T (AT)? allows calcula-
tion of the activation free energy of nucleation from the slope,
s, using the following equation (20):
sk B

AG, B
(Q—ﬂz 151

cryst —

RESULTS AND DISCUSSION

The DSC isothermal crystallization and remelting curves for
pure tripalmitin, tristearin, and their mixtures are shown in Fig-
ures 1-3. The phase diagram for a mixture of tripalmitin and tris-
tearin from reference (11) obtained via capillary melting experi-
ments, as well as that reconstructed from the melting curves in
this work, is presented in Figure 4. Table 1 summarizes the re-
sults of the Avrami fits (including #, ; and ¢, ;) and also shows
the polymorphic occurrence; the driving force for crystallization,
which is defined as the degree of subcooling below the m.p. of
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FIG. 1. DSC thermograms showing isothermal crystallization and melting of (a) pure tripalmitin and (b) pure tris-
tearin. The y-axis scale divisions for crystallization and remelting thermograms are 1.0 and 10 W/g, respectively.

the crystallizing polymorph (Tp —T); the peak enthalpies; and
the goodness of fit represented by the root mean square of error
(RMSE).

Polymorphic occurrence. Within the timeframe and temper-
atures used, the B-form was observed at the higher isothermal
hold temperatures (52.5-56.5°C for tripalmitin-rich and
58.5-62.5°C for tristearin-rich samples), but no 3 form was ob-
served with 30 and 40% tristearin samples (see Table 1). The
B’ polymorph formed preferentially below these temperatures
in a band running from 44.5 to 50.5°C for tripalmitin and 56.5
to 58.5°C for tristearin. Temperatures below this band lead to
the formation of the o polymorph, although there is some over-
lap with [3". The observed crystallization enthalpies lie between
140-170 and 162-192 kJ/kg for }’- and B-forms, respectively.

Table 1 also shows that the o, }’-, and B-forms typically re-
quire small (<1.0°C), moderate (3.5-8.5°C), and large
(9.0-13.0°C) degrees of subcooling below the m.p. of the poly-
morph (Tp) to crystallize directly from the melt. The B form in
these model TG systems is the most stable and closely packed,
whereas the o form is the least stable and most loosely packed
and has a lower activation energy of formation. This means that
lowering the temperature to below the o solidus line will gen-
erate the o form despite the apparently larger thermodynamic
driving force for the formation of the B form.

The 3 and " polymorphs do not crystallize at the same time;
indeed the formation of one polymorph seems to prevent the
“competitor” polymorph from forming concurrently. This is a
characteristic of the monotropic polymorphism of TG showing
Ostwald’s rule of stages (1). An example of this is tripalmitin at
50.5°C (see Fig. la). The 52.5°C experiment produces the 3
form after an apparent induction time of around 7 min. The 3
form might be expected also to appear at 50.5°C, with a shorter
induction time, unless another polymorph exhausts the supply of
crystallizable liquid. The B” polymorph appears at 50.5°C, but
crystallization is still in progress well past the 7-min mark, with-
out any sign of an additional B peak, and with a substantial
amount of liquid melt remaining. A small second peak does
occur after 20 min at 50.5°C, which, judging from the remelt
(which shows only the 3 form) is an exothermic transformation
from B’ to . The o and " polymorphs do crystallize in the same
experiment but not at the same time (see Fig. 3c).

The DSC melting thermograms were used to compile a
phase diagram (see Fig. 4) that is in good agreement with that
produced by Lutton (11), who used a capillary melting tech-
nique. Using the DSC melting thermograms as the sole crite-
rion for the identification of polymorphs can, however, be po-
tentially misleading as shown by the phase diagram, where the
m.p. of the B polymorph varies substantially depending on the
composition of the material. The  and B’ m.p. for tristearin-
rich samples can be very similar to each other in the 80—-100%
region of the phase diagram. When this is coupled with the
variation in m.p. due to crystal imperfection, there is clear need
for an additional method of crystal identification (see, for ex-
ample, Fig. 2a—c). This is provided by X-ray diffraction as
shown in Figure 5a for pure tripalmitin. The wide-angle X-ray
diffractograms give measures of the spacing between chains,
whereas diffraction maxima at the lower angles give estimates
of the spacing due to the long repeat. The diffraction maximum
observed at an angle of 20 = 6° has a Miller index of 003 and
is consequently the third maximum due to diffraction by the
lamellar planes. Substitution of the correct values in Bragg’s
law, nA = 2d sinb, gives a repeat of 45 A, which corresponds to
a 2-chain repeat structure. Small changes in this value for the
different polymorphs reflect the degree of tilt of the chains and
possibly the packing of the molecules. The traces presented in
Figure 5a mimic the conditions in the DSC corresponding to
Figures 3c and 3e. The o form is formed on rapid cooling
(30°C min~! for the X-ray experiment) to a temperature of
40°C. This transforms to the B-form on heating to 55°C. Simi-
lar results are obtained for transformation from the ’-(crystal-
lized at 45°C) to the B-forms on heating to 62°C. Identification
is based on literature values (7,9,10).

Interpolymorphic transitions. Only limited information
about interpolymorphic transitions can be obtained from the
remelt—such processes are best studied using synchrotron X-
ray methods. The thermograms suggest, however, that o typi-
cally undergoes melting before transforming to 3, whereas [’
transforms directly to B. The observation reported by Kellens
and Reynaers (13) that the ’-form is more stable in mixtures
than in pure TG is also seen here in the remelting curves in Fig-
ures 2 and 3 where the pure tripalmitin and tristearin B’ form
readily recrystallized to 3 during remelting whereas in mixtures
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FIG. 2. DSC thermograms showing isothermal crystallization and melting of tripalmitin-tristearin blends (labeled as
wt% tristearin) at (a) 62.5, (b) 60.5, (c) 58.5, (d) 56.5, (e) 54.5, (f) 52.5, and (g) 50.5°C. The y-axis scale divisions are
1 and 10 W/g for crystallization and remelting, respectively. The temperatures of melting for pure tripalmitin and
tristearin were 65.5 and 73.5°C, respectively (11). SSS, tristearin; PPP, tripalmitin.

the B’ barely transformed at all. There is also evidence that pure
tripalmitin transforms from B to B during the isothermal hold
at 50.5°C.

Phase separation behavior. That B polymorphs of tri-
palmitin and tristearin show immiscible behavior is illustrated

JAOCS, Vol. 83, no. 1 (2006)

on the phase diagram and hinted at in Figure 2 at temperatures
between 56.5 and 60.5°C, and weight fractions of 50 to 80%,
where double and multiple peaks can be observed. This region
is indicated by shading on the phase diagram (Fig. 4). The dou-
ble peaks can be explained by the demixing of the sample into
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FIG. 3. DSC thermograms showing lower temperature isothermal crystallization and melting of tripalmitin-tristearin
blends (labeled as wt% tristearin) at (a) 48.5, (b) 46.5, (c) 44.5, (d) 42.5, and (e) 40.5°C. The tripalmitin-rich region
of the phase diagram was targeted in these experiments. The y-axis scale divisions are T and 10 W/g for crystalliza-
tion and remelting thermograms, respectively. For abbreviations see Figure 2.

two separate solid [3 phases; one rich in tristearin and the other
rich in tripalmitin. One may postulate that the tristearin-rich
phase crystallizes first, which would deplete tristearin from the
liquid phase. Once a sufficient concentration of tripalmitin has
built up in the liquid phase, a tripalmitin-rich B phase then also
crystallizes. This view is supported by the relative sizes of the
first and second peaks. At constant temperature the second peak
increases in area with increasing levels of tripalmitin. Confirma-
tion of the B form is provided by X-ray diffractograms for crys-
tallization of 60% tristearin at 58 and 60°C as shown in Figure
5b. These peaks are rather blurred owing to crystals within the
samples moving out of the plane of the holder as they crystal-
lized, but on regrinding the samples, the 3 form can be clearly
identified as is illustrated for the 58°C reground sample.

Fitting results. Further analysis of crystallization kinetics
was based on fitting the results to the Avrami equation (Eq. 1).

Temperature (°C)

@ Lutton (1955)
O this work

0 20 40 60 80 100
Weight % Tristearin

FIG. 4. The phase diagram of binary mixtures of tripalmitin and tristearin
taken from Lutton (11) and estimated from the remelting curves in this
work. Bars correspond to the uncertainty of m.p. determination of about
+1.0°C. Phase separation occurs in the shaded area; see text for details.
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TABLE 1
The Tripalmitin-Tristearin Composition/Temperature Matrix?
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double-peak

Isotherm | PPP PPP/SSS S8S
(°C) 10% | 20% | 30% | 40% | s0% | eow | 70% | so% | 90w
62.5 8.6 9.3 9.8 102 |(T,-T) [°c]
B 3.1 8.1 6.8 49 In H
*936 | *139.9 | 1795 | 189.7 Hpea [kJ/kg]
750 | 647 | 530 | 300 ftng [min]
—1 33 6.7 56 26 I [min]
6.9E-03 | 1.4E-02 | 2.4E-02 | 1.4E-02 JRMSE |14
60.5 97 | 106 | 113 | 18 | 122 f1,n [ra
18 1.1 09 6.4 99 |n [
180.7 | 1733 | 1854 | 1717 | 190.4 JHoea [kJ/kg]
631 | 310 | 282 | 251 | 228 [tne [min]
8.4 33 19 42 48 | [min]

3.6E-02 | 2.8E-02 | 4.5E-02 § 1.6E-02 | 7.1E-03 JRMSE [-]

1.7 12.6 13.3 13.8 50 NT,-T) [°C]

27 1.7 6.4 25 38 |In 8]
1813 | 179.1 | 1819 | 1755 | 1708 [Hpea [kJ/kg]
371 28.6 16.6 24,2 55 Bting [min]
7.5 3.8 10.2 1.9 474 ftin [min]
. 1.8E-02 | 1.7E-02 | 3.0E-02 | 2.8E-02 | 1.86-02 JRMSE [
56.5 9.0 B 12.7 13.7 33 45 5.7 7.0 K(Te-T) [°C]
7.6 5.4 4.7 3.0 29 32 27 In [
192.2 164.6 | 1728 | 1496 | 1464 | 157.2 | 163.9 fHyea [kJ/kg]
50.5 52,6 14.8 4.4 6.1 47 53 Mg [min}
49 15.6 233 35.1 22.6 19.7 1.3 e [min]
2.5E-02 V 2.5E-02 | 2.6E-02 | 8.4E-03 | 3.3E-03 | 8.9E-04 | 2.1E-03 JRMSE 8]
54.5 11.0 10.5 33 43 53 6.5 7.7 03 KTp-T) [°’C]
35 7.1 338 25 2.3 2.8 2.9 n [
1729 | 1848 “450 | 151.7 | 155.4 | 1449 | 1477 Hpeak [kJ/kg]
17.1 29.1 13.3 8.5 7.0 56 4.6 ting [min)
1.1 55 20.8 17.2 13.1 11.2 11.4 ti2 [min]
4.7E-03 | 1.2E-02 9.1E-03 | 8.7E-04 | 3.7E-03 | 3.3E-03 | 4.8E-03 RMSE 8]
52.5 13.0 125 9.5 36 4.4 53 6.3 -1.5 -0.3 1.0 23 K(T,-T) [°C)
28 23 7.9 3.4 35 2.7 23 n 8]
1889 | 1832 | 1625 | 1628 | 1666 | 1596 | 151.8 Hpeak [kJ/kg]
6.9 10.7 19.0 8.8 6.7 75 7.2 ting [min]
1.0 1.4 7.2 17.3 19.4 16.2 9.2 ti [min]
1.2E-02 | 1.8E-02 | 2.2E-02 || 3.5E-03 | 2.9E-03 | 1.2E-03 | 4.2E-03 RMSE [
50.5 3.6 4.2 4.8 56 6.4 7.3 0.7 0.5 1.7 3.0 43 |(T,-T) [°C]
26 1.8 2.7 33 3.1 25 n [
154.9 | 1604 | 1464 | 159.4 | 1575 | 146.8 Hpeak [kJ/kg]
38 5.6 53 39 6.9 4.9 ting [min]
53 8.2 9.9 8.6 9.9 13.7 ti2 [min]
3.4E-03 | 4.4E-03 | 4.6E-03 | 3.4E-03 | 2.4E-03 | 3.2E-03 RMSE 8]
48.5 56 6.2 6.8 76 8.4 0.2 1.3 25 37 5.0 (Tp-T) [°C]
2.7 33 3.8 1.9 20 n [
1546 | 156.7 | 1409 | 149.7 | 1383 Hpeak [kJ/kg]
1.8 3.1 3.8 54 4.2 tind [min]
3.0 48 7.2 53 7.4 ty2 [min]
2.8E-03 | 3.4E-03 | 3.5E-03 | 8.8E-03 | 3.1E-03 @ rRmsE [

“Values of crystallization driving force, (T, - T); parameter n; peak enthalpy, Hocati induction time, ¢ ; time to half crystallization,

eak’

t, o, and RMSE, root mean square of error. The polymorphic forms that crystallized are also indicated with groupings of polymorphs
delineated by bold lines. *Isothermal thermograms are not complete.

It should be noted that the Avrami equation is meant to model
single crystallization events only, and therefore incidences
where multiple peaks or interpolymorphic transitions occurred
are unlikely to be well-fitted. In general, the Avrami equation
provided better fits to the B’ crystallization data compared with
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[, as shown by an order-of-magnitude lower values of RMSE.
The values of n for crystallization lie, in many cases, beyond
the physical basis of the Avrami model (n > 4) which is not the
case for [} crystallization (1.8 < n < 3.8). High crystallization
driving forces ( TP —T) for B cause high nucleation and growth
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FIG. 5. X-ray diffractograms corresponding to (a) the pure tripalmitin
traces of Figure 3c and 3e. Heat to 80°C (melt), cool to 40°C (a.-form),
and heat to 55°C (B-form); heat to 80°C (liquid), cool to 45°C (B’-form),
and heat to 62°C (B-form); (b) the 60% tristearin blend showing crystal-
lization of B’-form at 52 and 54°C and B-form at 58 and 60°C. The peaks
are rather blurred because of crystals within samples moving out of the
plane of the holder as they solidified. The reground sample peaks
clearly indicate the B polymorph.

rates (revealed in very sharp peaks) as well as long apparent in-
duction times (in many cases >30 min), causing greater fitting
errors.

Reproducibility tests were performed for the following com-
binations of composition and isothermal hold temperature: (i)
60% tristearin (SSS) at 54.5°C (a “flat” B’ exotherm), (ii) 90%
SSS at 54.5°C (a less flat B” exotherm), (iii) 90% SSS at 58.5°C
(a 3 exotherm), and (iv) pure SSS at 62.5°C (a 3 exotherm with
a longer induction time). SD values for £, ; and ¢, , were all less
than 1 min with the exception of 7, , for 90% SSS at 54.5°C (SD
of 1.5 min) and ¢, , for pure SSS at 62.5°C (SD of 11.1 min).
Therefore, fitted time values can be treated with a reasonable de-
gree of confidence with the exception of 7, ; for longer induction
times. SD for peak enthalpy values were 2.9, 3.7, 5.5, and 5.8
kJ/kg for samples (a), (b), (c), and (d) respectively, thus slightly
higher for the two B exotherms than the " exotherms.

Figures 6a and 6b summarize the apparent induction times
extracted from the data of Figures 1, 2, and 3 for B’- and -

4.5
——PPP 4.0
35 -o0—10% SSS
—_ —&—20% SSS
5 =
E E3o0
3 25 3
£ £
£ £
15 B. 2.0 -o-50% SSS
——60% SSS
ﬁu —o—80% SSS
-a-S8S
0.5 T 1.0 T
45 50 55 60 50 55 60 65
Temperature T [°C] Temperature T [°C]

() ()

FIG. 6. Plots of In(t,, ) against isothermal temperature for f’- and B-
forms of (a) tripalmitin-rich mixtures and (b) tristearin-rich mixtures,
showing shorter induction times where one species predominates.
apparent induction time; for other abbreviations see Figure 2.

forms. Apparent induction times for the o-form are too short to
be recorded reliably and are not shown in the figures. At a
given temperature the apparent induction times are generally
longest for samples at an intermediate composition and short-
est where one species predominates. It was found that for all
samples of a given composition, apparent induction times de-
creased with decreasing temperature. Interestingly, although
the apparent induction time data plotted in Figure 6 fall into
different areas of the plot depending on the polymorph pro-
duced, there appears to be little sign of any discontinuity in
value in the trend of apparent induction time with temperature
arising from changes in polymorph, although the slopes look
noticeably different. One hypothesis that might explain this ob-
servation is that the polymorphic form that arises is simply de-
termined by which polymorph is able to nucleate first. If so, the
crossover point between polymorphs on Figure 6 would by de-
finition occur at the point where the induction times of the two
polymorphs are equal.

A different perspective is provided from estimations of the
activation free energy for nucleation of 8- and B-forms from

1.0
§ u PPP
10.0 010% SSS
A ©20% SSS
©30% SSS
< 90 A40% SSS
‘.5 > ﬁ' A50% SSS
e A | X60%SSS
£ gol'® % o +70% SSS
n x 4 80% SSS
090% SSS
70 L " ®5SsS
| |
6.0
0.0E+00 1.0E-04 2.0E-04 3.0E-04
VI(Tp-TY*T]

FIG. 7. A plot of In(Tt, ) against 1/[(T, - 2T for all mixtures showing
a higher slope for the B-form (56,500 K=3) compared with the B’-form
(2,090 K3). The units used are minutes for t,q and Kelvin for tempera-
ture, T. For other abbreviations see Figure 2.
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TABLE 2
Calculated Values for AG

crys|

" (kJ/mol) of B'-

and B-Forms?

Isotherm [ oo |

PPP/SSS

(°C) | 10% [ 20% | 30% [ 40% | s0% [ 0% | 70% | 8o% [ eo% S8
62.5 B 631 | 540 | 486 | 456
60.5 ¢ double 495 | 416 | 366 | 335 | 3.18
58.5 peak 341 | 294 | 264 | 245 | 070
56.5 5.80 293 | 249 | 156 | 087 | 054 | 036
54.5 388 | 426 160 | 095 | 061 | 041 | 029

52.5 278 | 301 | 520 | 136 | 090 | 062 | 044 T

50.5 134 | 1.00 | 074 | 05 | 042 | 033 '

48.5 056 | 046 | 037 | 030 | 025 B

Calculated using Equation 5 (see text) and with the slope values for each polymorph
taken from the regression fits in Figure 7 and the values of (Tp —T) from Table 1.

plots of In(7%, ;) against 1/[(Tp— T)zﬂ (see Egs. 3-5), which are
shown on Figure 7. Good linear correlations are obtained for
both '~ and B-forms with little apparent dependence on compo-
sition. It can be seen that a much larger slope results for the 3
polymorph (56,500 K=3) compared with B’ (2,090 K=3). These
slopes have been used to generate values of activation free en-
ergy of nucleation for each sample condition according to Equa-
tion 5, and these are shown in Table 2. The activation free ener-
gies values derived are still higher for 3 than for B’ despite the
higher denominator terms for [3 in Equation 5. This is in line with
the well-established view that 3 polymorph nucleation is more
difficult to initiate (has a larger energy barrier) than [3".

Peak widths and the t,, of B*- and B-forms. The crystalliza-
tion exotherms for the formation of  polymorphs are much
sharper than for " and consequently have shorter ¢, , values.
This indicates that, once initiated, the crystallization of  pro-
ceeds at a much higher rate than that of B’, suggesting faster
crystal growth kinetics. Figure 8a suggests that this is princi-
pally due to the larger driving force ( r,-T) required to initiate
B crystallization.

At a given temperature, 7, , times also are generally longest
for samples at an intermediate composition and shortest where
one species predominates. This is observed for both 3 and
forms. This composition effect has been similarly observed by
Taran et al. (21) for simple eutectic-forming binary melts. On
the tristearin-rich side of the eutectic composition, this is ex-
plained by a lower crystallization driving force as more tri-
palmitin is added, due to the tripalmitin lowering the melting
temperature of the tristearin as shown on Figure 8a. When this is
taken into account, there is no clear dependence on composition.
However, this argument cannot be used for the tripalmitin-rich
side of the eutectic. As tristearin is added, as shown in Figure 8b,
t,, increases significantly compared with pure tripalmitin, for
the same driving force ( Tp —T). A more likely explanation is a
greater mass transfer resistance when each TG is present. This
could be caused either by difficulties in penetrating through a de-
pletion layer, as one species diffuses through the other, or in the
surface integration step, where one species disrupts the crystal
packing of the other. However, this only appears to occur in the
tripalmitin-rich side of the eutectic composition.

JAOCS, Vol. 83, no. 1 (2006)

The kinetics of a polymorph crystallization. The crystallization
of the o form is so rapid that it is generally difficult to deconvo-
lute from the cooling step (Fig. 3, 40.5 and 42.5°C). No kinetic
analysis was undertaken, although it can be seen in Figure 3d that

40.0

\ A40% SSS
v+
\ A 50% SSS
30.0 A X 60% SSS

\

\ +70% SSS
=) 1380% SSS
E 200 AN O
~ N 090% SSS
S AN

N ®sss
10.0 2 5
. AY
by B
' S P
B = e <l g
00
0.0 50 10.0 15.0
Driving force (T,-T) [°C]
(@)
120
o
u PPP
090% PPP
90 080% PPP
a.
E 604
« "

30
00

3.0 6.0 9.0 120

Driving force (T,-T) [°C]

15.0

(®)

FIG. 8. (a) Plot of t,, against crystallization driving force (T,= 1 for tris-
tearin concentrations higher than the eutectic composition, i.e., to the
right of the eutectic point (“double peak” data are excluded). The effect of
driving force is dominant in determining the crystallization rates. (b) A
similar plot for mixtures with lower tristearin concentrations than the eu-
tectic composition. In this region there is a significant effect of composi-
tion on the crystallization rates in addition to the driving force. t, ,, time
for half of the overall level of crystallization to be reached after ¢, 4 has
passed; for other abbreviations see Figures 2, 6, and 7.
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o crystallization is slightly faster than [ crystallization. However,
as with the 3" process, the main reason for the overall rapidity of
the crystallization is the much reduced induction time. One ap-
proach to extract the kinetics will be to use nonisothermal crys-
tallization methods (22).
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