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Relationship Between Cooling Rate and Crystallization Behavior
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The relationship between cooling rate and crystallization
behavior of hydrogenated sunflowerseed oil and its ther-
mal properties during melting were investigated by dif-
ferential scanning calorimetry and x-ray diffraction. At
crystallization, temperature peaks and area percents of
components with higher melting points were found to be
greater when cooling rate was slower. When samples were
melted, total enthalpies were similar at all rates. Accord-
ing to the chemical compesition of the analyzed samples,
the components with higher melting points were found
in samples with a higher saturated fatty acid content.
Changes in the profile of melting curves might be due to
differences in triglyceride intersolubility.

KEY WORDS: Cooling rate, crystallization, differential scanning
calorimetry, hydrogenated sunflowerseed oil.

Crystallization phenomena in fats and other lipids are fun-
damental subjects to elucidate their physical and chemical
properties (1). Physical deterioration of fat products, such
as margarine, shortening and chocolate, depends on size,
morphology and polymorphic structure of fat crystals. All
of them are primarily influenced by crystallization con-
ditions and secondly by phase transformation (2,3). Cocoa
butter and other fats, such as palm oil, have been reported
as examples of polymorphic fats. Under proper crystalliza-
tion and aging conditions, different crystal forms are ob-
tained with characteristic melting points and x-ray dif-
fraction patterns (4-7).

Hydrogenated sunflowerseed oil has been fractionated
by crystallization, and the fractions obtained have been
analyzed by differential scanning calorimetry and x-ray
diffraction (8). The same temperature program was used
to obtain all fractions. Under these conditions, x-ray pat-
terns showed that samples were a blend of ' crystals.
Melting diagrams of samples, after they were obtained
without any additional treatment, corresponded with their
chemical compositions. The experiments described below

TABLE 1

have been designed to understand how different temper-
ature programs may modify crystallization characteris-
tics. The aim of the present work is to study the effect
of cooling rate on crystallization behavior of hydrogenated
sunflowerseed oil and its thermal properties during
melting, so that fundamental aspects of crystallization
in relation to polymorphic behavior and chemical composi-
tion may be discussed.

MATERIALS AND METHODS

Starting oils. Samples were supplied by Molinos Rio de
La Plata S.A. (Capital Federal, Argentina). They consisted
of five hydrogenated sunflowerseed oils whose composi-
tions were determined by gas-liquid chromatography (GLC)
(Table 1). Fatty acids were analyzed in a 5890 A chroma-
tograph (Hewlett-Packard, Palo Alto, CA) with a column
of 170 cm length and 0.3 cm internal diameter, packed
with 10% SP 2330 on 100/120 WAW chromosorb. Methyl
esters were prepared by transesterification with a mixture
of methanol:benzene (3:1) and 3% wt/vol sulfuric acid.

Crystallization of samples. Crystallization of the sam-
ples was performed within the differential scanning
calorimetry (DSC} (DuPont Co., Wilmington, DE} and in
a Lauda UK 50 DW cryostat (Messgerite-Werk Lauda,
Lauda-Konigshofen, Germany). Crystallization at a linear
rate (DSC) was performed after a 5-min isothermal stage
at 80°C to ensure melting. Then, crystallization rates of
20°C/min, 10°C/min, 5°C/min, 2°C/min and 0.5°C/min
from 80°C to —40°C were used. After 2- 10-, 20- and 30-
min isothermal staging, samples were melted at a heating
rate of 10°C/min.

Crystallization at an exponential rate was performed
with uncovered tubes, 6 mm diameter, and tubes covered
with a gross gum (2 mm wall). The tubes were heated dur-
ing 5 min at 80°C and put into the cryostat. Then, tem-
perature was decreased from 80°C to 0°C. Thermal history
of each sample was recorded in a 595 Omega recorder.
Crystallization rates were calculated by the following
equation:

Fatty Acid Composition of Hydrogenated Sunflowerseed Oils (%)

trans
Acid Calculated
Sample C16:0 C180 Ci181 Ci182 Others content iodine value
1 6.7 11.0 69.8 12.2 0.3 42.1 81.2
2 71 16.3 65.0 11.5 0.1 41.3 75.9
3 7.0 124 64.9 15.6 0.1 40.4 83.0
4 7.0 10.9 60.5 21.4 0.2 40.9 89.2
5 8.3 135 71.2 6.9 0.1 43.1 73.3

*To whom correspondence shouid be addressed at CIDCA, Univer-
sidad Nacional de La Plata, Facultad de Ciencias Exactas, 47 y 116,
(1900) La Plata, Argentina.
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where Ty is final temperature; T, is initial temperature; T,
and t, are the temperature and time anywhere in the
curve. Rates were obtained for K values of 1.2 X 107! s~}
and 2.3 X 1072 s7%, respectively. Afterwards crystalliza-
tion samples were melted at 10°C/min.

Differential scanning calorimetry. A programmed
calorimeter (Du Pont 910) fitted to a cooling apparatus
and a thermal analyzer (model 99) was used. Calorimetric
diagrams were recorded with a Hewlett-Packard 7046B
recorder. Then, samples ranging from 15 to 20 mg were
placed in hermetically sealed aluminium pans and sub-
jected to the mentioned temperature program. The equip-
ment was calibrated with indium as standard. Diagrams
dQ/dt (heat flow) were plotted as a function of time,
Although the sensitivity used varied from 1.038 to 0.414
mdJoule/s, based on the quantity and quality of the
samples, diagrams fitted by computer were comparable
because they were printed on the same scale and divided
by mass. Calorimetric diagrams were measured as re-
ported earlier (9), and fusion enthalpies were calculated
(8). Samples were run in duplicate and dispersion was less
than 1% in areas and 0.5°C in temperatures. Values given
are the average of two thermograms.

X-ray diffractometry. Samples analyzed by x-ray diffrac-
tion were cooled at exponential rate in a Lauda UK 50
DW cryostat as described above {crystallization of sam-
ples). X-ray diffraction spectra were obtained with a
Philips 1730 instrument fitted with a system for tempera-
ture control (Philips Argentina S.A., Capital Federal,
Argentina). The temperature of the sample holder placed
within the refraction chamber was controlled through a
programmable Lauda UK-30 cryostat. Ethylene glycol in
water (3:1) was used as refrigerant fluid. K,,,, radiation
from copper was used at 40 Kv, 20mA and a scanning
velocity of 1°/min.

RESULTS AND DISCUSSION

Sample 5 was crystallized at an exponential rate and at
the temperature program just mentioned. Figure 1 shows
melting curve diagrams fitted by computer. There seem
to be three endotherms but it was not possible to fit the
curve with three peaks without making a big error. The
second endotherm did not show a normal distribution.
This means that there is more than one component in this
peak, and temperature peaks are too close to each other
to be resolved by differential scanning calorimetry. At the
slow rate, the diagram was fitted with four components.
Their temperature peaks are: 6.4°C; 17.5°C; 24.2°C and
31.7°C with area percents of 13.5%; 17.5%; 38.6% and
30.5%. At the fast rate, there were also four components
with temperature peaks close to those reported for the
slow crystallization: 7.8°C; 16.5°C; 22.9°C and 31.8°C.
Although temperature peaks were similar, area percents
were different: 26.8%; 18.8%; 24.0% and 30.4%, respec-
tively. The total enthalpy calculated for this sample was
45.5 Joule/g at fast rate and 38.7 at slow rate. In both cases
portions of the same sample were crystallized. However,
the total enthalpy obtained had a 15% variation from one
experiment to another and was smaller than that expected
based on chemical composition of the sample [H =
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FIG. 1. Sample 5: calorimetric diagrams crystallized at slow and fast
cooling rates (computer-fitted).

91.5 Joule/g before melting and recrystallization (8,10)].
This could mean that crystallization was not complete.
Thus, solid solutions with different triglyceride composi-
tions and different specific heats could be formed.
Samples must have been kept 30 min at 0°C to assure
complete crystallization. X-ray diagrams of sample 5 that
crystallized at fast and slow rates are shown in Figure 2.
Both diagrams show three lines at 3.8-3.9A, 4.2A and
4.3A. These lines correspond to ' crystals. There seem
to be no differences between diagrams, whereas the first
and third components differ greatly in calorimetric runs.
While the third component decreased at slow temperature,
the first component increased, and the sum of the two
areas stayed constant. This behavior was not always evi-
dent, but the fact that components with higher-tempera-
ture peaks had greater area percents in crystallized sam-
ples at fast rate is always true. At slow rates, their area
percents decreased and all the components had a similar
percentage of total area. It has been reported that tri-
glycerides crystallize from the liquid phase into the o form,
transform themselves more or less rapidly into f’, and
subsequently into the intermediate and/or the § modifica-
tions, if they are likely to exhibit these higher polymorphs.
This sequence is irreversible, Once a transformation
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to a more stable form has occurred, lower polymorphs can
42 be obtained again only by melting the sample, crystalliz-
ing the o form, and repeating the sequence of transfor-
mations (11). If a # polymorph had been formed during
SAMPLE 5 crystallization, a line at 4.6 A would have appeared in the
SLOW x-ray diagrams. Also, DSC diagrams should have showed
components with higher melting points at slow rate (12).
B crystals were not found when sample 5 was crystallized

at slow or fast rates.
Samples 1, 2, 3 and 4 were crystallized at a linear rate
within the DSC. Figure 3 shows the exotherms corre-
h sponding to crystallization curves of sample 1 and Fig-

4.3

ure 4 shows the endotherms recorded in melting after the
sample was kept for 2 min at —40°C. It was evident that
temperature peaks of components were higher when the
cooling rate was slower (Fig. 3). The area percents of com-
4.2 ponents corresponding to samples crystallized at

4.3 20°C/min, 10°C/min, 5°C/min and 2°C/min are shown in
Table 2. The amount of heat exchange during sample
SAMPLE § crystallization at 0.5°C/min was small, so the thermo-
FAST grams do not show well-defined peaks, even when the
highest sensitivity was used. So, they were not included.
38 Not only did the temperature peaks increase but the areas
of peaks with high temperatures were greater. The total
enthalpies calculated for the four cooling rates were 79.2,
73.1, 80.2 and 80.8 Joule/g at 20°C/min, 10°C/min, 5°C/min
and 2°C/min, respectively. Melting curves (Fig. 4) were fit-
ted by six components at all rates, with the exception of
B = 0.5°C/min. This diagram was fitted with seven com-
ponents. A component with a melting point of 40.1°C was
found, which was not present in the diagrams correspond-
ing to the other cooling rates. This was due to the fact
that at 0.5°C/min there was more time for the sample

FIG. 2. X-ray diffraction spectra of calorimetric diagrams shown in triglycerides to interact with each other. Thus a more

Figure 1. stable structure was formed that could not be obtained
a 20 °C/min b 10 °C/min
% SAMPLE 1 SAMPLE 1

c 11.9 5 °C/min d 2 °C/min
6.7 SAMPLE 1 6 SAMPLE 1

FIG. 3. Sample 1: calorimetric diagrams of crystallization at different rates (computer-fitted).
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20 °C/min
SAMPLE 1
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FIG. 4. Melting diagrams of Figure 3 samples after being kept for 2 min at —40°C (a, b, ¢, d and e) and sample 1 melting diagram crystallized
at 20°C/min and kept isothermally 30 min at —40°C (f).
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TABLE 2

Temperatures and Area Percents of Components Found When
Sample 1 Was Crystallized at 20°C/min, 10°C/min, 5°C/min

TABLE 3

Temperatures and Area Percents of Components Found When
Sample 1 Crystallized as Provided in Table 2 Was Melted

and 2°Cimin (8 = 10°C/min)
Cooling rate Temperature peaks, °C Cooling rate Temperature peaks, °C
(°C)/min) (area percent) (°C/min) (area percent)
20 7.9 -6 -—-109 -—223 -—343 —a 20 —11.8 -23 89 200 272 337 —a
(10.4) (15.4) (38.6) (22.6) (12.9) - (6.3) (10.1) (10.6) (17.7) (25.1) (30.2) -—
10 12.0 5.2 -24 -102 -186 - 10 -11.7 -21 58 151 261 355 -
(12.1) (37.7) (30.0) (13.2) (7.1) - (6.8) (10.9) (10.0) (14.6) (25.7) (31.9) —
5 166 119 6.7 09 —51 -120 5 -128 —30 67 181 290 387 —
(9.8) (316} (25.0) (17.4) (10.8) {5.5) 6.5) (13.7) (15.4) (17.2) (21.0} (26.2) —
2 20.5 13.8 6.1 -3.1 - - 2 =131 —42 49 144 247 350 -
(66.2) (24.8) (12.5) (6.6) - — (8.4) (13.5) (15.7) (15.0) (22.3) (25.1) —
_ 0.5 —11.8 -—28 6.2 13.7 223 315 40.1
4 No component was found. (10.3) (16.3) (11.1) (14.6) (20.8) (19.9) (7.0)
4—, No component was found.
at other rates. The area percents of components corre-
sponding to samples crystallized at 20°C/min, 10°C/min, T
5°C/min and 2°C/min are provided in Table 3. Total en- 1ABLE 4
thalpies calculated for the five melting diagrams were ¢ ..) Enthalpies of Samples 2. 3. and 4 (Joule/
77.2, 75.5, 82.8, 81.7 and 75.6 Joule/g for sample 1 otal Enthalpies of Samples 2, 3, and 4 (Joulelg)
crystallizing at 20°C/min, 10°C/min, 5°Cmin, 2°C/min and Melting
0.5°C/min, respectively. Crystallization enthalpies were 2 min 10 min
similar at all cooling rates and all values were close to Cooling rate Sample Crystallization at —40°C  at —40°C
melting enthalpies. When sample 1 (which was crystal-
lized at 20°C/min) was kept isothermally for 10, 20 and 20°C/min 2 93.6 83.4 92.9
30 min at —40°C, a total enthalpy of 88.3 Joule/lg was 3 76-2 gg-g Zg-g
found in all three cases (Fig. 4f). Ten minutes isothermal ) 4 63. : .
stage at —40°C was enough to crystallize triglycerides 10°C/min 2 91.9 82.1 92.5
of the blend at all cooling rates. Little changes were found i Zi-é gg'i Zg‘g
in component peak temperatures of samples kept at ) : ) )
—40°C for 10, 20 and 30 min. Area percents of compo-  5°C/min 2 92.5 84.2 92.7
nents found when sample 1 was crystallized at 20°C/min i gi'g gg‘g Zi‘g
and kept isothermally 30 min at —40°C were 9.2%, 11.3%, s : . )
11.0%, 13.8%, 29.6% and 24.9%. Although small dif- 2°C/min 2 92.2 8.2 929
ferences were found between percentages of components i Zi' p 5517 651
corresponding to sample 1 kept isothermally for 2 min at I ’ ’ ’
—40°C and for 30 min at —40°C, the profile was similar 0.5°C/min g - 22'3 3%2
(Fig. 4a and 4f). Components of higher temperature peaks 4 _ 56.4 65.0

had the greater area percents. In all the diagrams of
Figure 4 a great percentage of total solids was crystal-
lized, but storage at —40°C improved crystallization, and
although the temperature was so low, some triglyceride
reaccommodation could be found. The percentages of
crystals formed when samples were cooled down to —40°C
were about 85% but only between 40% and 50% when
cooled down to 0°C.

Figure 5 shows the results obtained when samples 2,
3 and 4 were crystallized at 2°C/min, 5°C/min, 10°C/min
and 20°C/min and kept isothermally for 10 min at —40°C.
Then, the samples cooled at the mentioned rates and one
sample at 0.5°C/min were melted, and the results obtained
are reported in Figure 6. Total enthalpies of all these
samples are summarized in Table 4. For all these samples
(Fig. 5), temperature peaks of components increased when
cooling rate decreased. Not only did temperature peaks
increase, but area percents of components with higher
temperature peaks increased as well. The same results
were obtained for sample 1. At slow cooling rates tri-
glycerides had more time to interact. Equilibrium could

JAOCS, Vol. 69, no. 9 (September 1992)

be established and crystals could be formed at higher
temperature. As mentioned above, total enthalpies are
similar at all cooling rates in all samples. Melting curves
have the same tendency in these three samples. Com-
ponents with higher temperature peaks were the most im-
portant ones in samples crystallized at 20°C/min. As cool-
ing rate decreased, components of lower temperature
peaks increased and smaller differences were found be-
tween amounts of components with higher and lower
temperature peaks.

There are two important phenomena that are close to
each other and that determine the behavior of natural fats:
polymorphism and intersolubility (13). According to their
chemical composition, samples with a greater amount of
saturated fatty acid could be fitted with components of
higher temperature peaks, and they had a higher total
enthalpy. The way in which the profile was modified
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FIG. 5. Area percents and temperature peaks of components found when crystallization curves of samples 2, 3 and 4 were fitted by computer.
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suggests that the differences found in melting curves
could be due to the intersolubility of triglycerides. Sam-
ples crystallizing at slow cooling rate had more time to
allow interactions between triglycerides: formation of solid
solutions, eutectics or pseudocompounds. A triglyceride
with a higher melting point could develop a solid solution
with another triglyceride, which could have a lower melt-
ing point. Thus, for example, a 60°C melting-point
triglyceride can melt at 40°C. In conclusion, the cooling
rates used seemed to affect intersolubility more than
polymorphism when sunflowerseed oil was crystallized.
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