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ABSTRACT: This paper describes the relationship of viscosity
with the crystallization process in a binary system formed by
sesame oil and different concentrations of tripalmitin (TP) and
tristearin (TS) (0.0, 0,032, 0.098, 0.18, 0.26, 0.344 g/dL). The
behavior of the reduced viscosity (1,,4) indicated that TP and
TS affected the native bilayer lameiiar organization of sesame
oil triacylglycerides. The behavior of 1}, at TP or TS concen-
trations <0.098 g/dL suggested that, as a result of intermolecular
interactions between the saturated triacylglyceride and the un-
saturated triacylglycerides of sesame oil, the oil solution devel-
oped lamellar structures with a smaller size than the native
structures in sesame oil. At TP or TS concentrations >0.098
g/dL, the behavior of 0, indicated that TP or TS segregated out
of the lamellar structure as the temperature was decreased. The
kinetics of the segregation phenomenon was a function of the
concentration of saturated triacylglyceride and the type of tria-
cylglyceride (i.e., TP or TS), and was favored by an increase in
the shear rate. In all situations, the temperature of nucleation
was achieved when 1, = 0, which may represent the point at
which the interfacial energy between sesame oil and the devel-
oping nuclei achieved its maximum value. The higher the inter-
molecular interaction between the TP or TS and the triacylglyc-
eride structure of the sesame oil, the lower the temperature at
whichm,; = 0 in the oil solutions. As a result, the diffusion term
(i.e., viscosity of the liquid phase) became a limiting factor for
crystal growth rate, especially at TP and TS concentrations
<0.18 g/dL.
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In general, physical properties are associated with parameters
that describe the shape and organization of the molecules in
the system. The nature of such relationships for oil viscosity
and protein interfacial properties has been established (1-3).
Triacylglycerides have several physical properties that de-
termine processing conditions of fats and oils and the stability
and organoleptic properties of the food they constitute. The
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phase changes of pure triacylglycerides, i.e., polymorphic
transformations and melting and crystallization temperatures
are physical properties that determine some of the functional
properties of lipids in food systems (i.e., texture). Structural pa-
rameters, such as degree of unsaturation, length of the hydro-
carbon chain of the fatty acids, and the positional distribution
of the fatty acids esterified to the giyceroi (i.e., stereospecific
distribution) all determine the phase changes of triacylglyc-
erides (4). The cooling/heating rate and time-temperature his-
tory (i.e., thermal cycles) applied to the system are additional
variables that affect the molecular organization of triacylglyc-
erides and, therefore, the phase change properties (4,5).

Fats and oils are a mixture of different triacylglycerides; as
a result, specific melting and solidification temperatures are not
observed. Rather, melting and solidification temperature pro-
files are observed. Thus, when oils are cooled, the triacylglyc-
eride family with the highest melting temperature is the first to
crystallize and develop a solid in a liquid phase. These systems,
generally known as plastic fats (4,6), have a fractal organiza-
tion (7) that significantly affect the melting properties and
spreadability of food systems, such as butter and margarine (5).

Triacylglyceride crystallization is utilized as a process to
achieve any of three objectives: (i) to eliminate small quanti-
ties of high-melting compounds from an oil, so it remains
clear at low ambient temperature; (ii) to obtain oil/fat frac-
tions with particular phase change properties; and (iii) to de-
velop or modify the texture of food systems. Although
achievement of these objectives is certainly crucial in oil and
fats processing, considerable work is still required to com-
pletely control these processes.

The relation between the structural organization of mole-
cules in the liquid state (i.e., melt) or in solution (i.e., solute
in a solvent) and the crystallization process have been recog-
nized for a long time (8). However, for triacylglycerides, the
nature of such relationships has not been established. In the
melt, triacylglycerides are organized in bilayer lamellar struc-
tures (4). The shape and size of the lamellar structures change
with the diffusion rate of the molecules (i.e., temperature)
(Fig. 1) (4,9), which determines the change of viscosity with
the temperature of the system. Thus, oil viscosity is an indi-
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FIG. 1. Proposed bilayer lamellar structure of triacylglycerides in the
liquid state as described by Herngvist (Ref. 9).

TEM

rect measurement of the degree of structure of the triacyl-
glycerides in the liquid state. Within this framework, this
paper describes the crystallization process of triacylglyc-
erides, from the structural organization of the molecules in
the melt to the nucleation stage, by means of reduced viscos-
ity measurements and crystallization curves. The model sys-
tem utilized was a mixture of sesame seed oil with different
proportions of tripalmitin (TP) or tristearin (TS). Consider-
ing the high concentration of unsaturated fatty acids in the
triacylglycerides of sesame seed oil (10), the mixture of TP
or TS with sesame oil was considered as a binary system,
formed by unsaturated and saturated triacylglycerides. In a
pure binary system, formed by TP and TS, Ng (11) observed
that, during constant supercooling, interaction of triolein
molecules at the tripalmitin crystal/solution interface de-
creased the interfacial free energy and, subsequently, the ac-
tivation free energy for TP nucleation. The saturated mono-
triacylglycerides, TP and TS, may modify the native bilayer
lamellar structures of the unsaturated triacylglycerides of
sesame oil. The measurement of oil viscosity at supercool-
ing conditions might provide information about the changes
in triacylglyceride organization in the liquid state and its pos-
sible relationship with the process of crystallization of TP
and TS in sesame oil.

Sesame seed oil is obtained from the seeds of Sesamum in-
dicum L., and it is sold as a gourmet oil with high natural ox-
idative stability and unique flavor. Mexico is one of the main
producers of this oil. The fatty acid composition, triacylglyc-
eride distribution, and concentration of sterols, tocopherols,
and lignins have been studied in sesame oil (10,12,13). How-
ever, there are no studies regarding its physicochemical prop-
erties and interactions with other lipid systems that might
eventually support the development of value-added products
based on sesame oil (i.e., spreads).

EXPERIMENTAL PROCEDURES

Materials. Refined sesame seed oil (Aceitera San Juan, S.A.,
Salvatierra, Gto., México) was stored at 4°C in the dark under
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nitrogen atmosphere. The same batch of oil was used in all
experiments. TP and TS, more than 99% pure (experimen-
tally confirmed by gas chromatography and differential scan-
ning calorimetry), were obtained from Sigma Chemical Co.
(St. Louis, MO).

Physical and chemical analysis. The fatty acid composi-
tion of sesame oil was determined by gas chromatography,
following the methodology of Bannon et al. (14), with a Shi-
madzu chromatograph GC-9A (Shimadzu Corp., Kyoto,
Japan) with flame-ionization detector and a Shimadzu C-R1B
Chromopac integrator. A glass column (2.6 X 2.1 mm) packed
with GP 10% SP 2330 on Chromosorb 100/120 (Supelico,
Bellefonte, PA) was utilized, with helium as the carrier gas
(20 mL/min). The temperature in the column was 200°C and
the injection port was held at 215°C. The fatty acid composi-
tion was determined with the GLC-10 mixture of methy] fatty
acids from Supelco as standards, after normalization of the
chromatogram areas according to the method of Ackman and
Sipos (15).

A DuPont differential scanning calorimeter (DuPont Co.,
Wilmington, DE) was utilized to obtain melting curves for TP
and TS in the interval between 10 and 80°C at a heating rate
of 1.0°C/min. The equipment was calibrated with Indium, and
an empty aluminum pan was utilized as the reference.

Crystallization curves. TP and TS solutions in sesame seed
oil were prepared at different concentrations (0.0, 0.032,
0.098, 0.18, 0.26, and 0.344 g/dL). Complete dissolution of
TP and TS in the oil was achieved by heating the dispersion
for 30 min at §0°C with constant stirring. The solutions were
stored in the dark at 4°C until their use (<8 d).

Dynamic (e.g., nonisothermal) crystallization curves of the
TP and TS solutions were obtained by measuring the ab-
sorbance (600 nm) of the solutions as a function of the tem-
perature. A double-beam spectrophotometer (Shimadzu UV-
2101PC; Shimadzu Corp.) with temperature control (Brook-
field TC-200; Brookfield Instruments; Stroughton, MA) and
a cooling system (Brookfield TC-350) was utilized. After de-
stroying the “memory” of crystallization of the solution by
heating (80°C for 60 min), the system was cooled at a rate of
1.0°C/min until a temperature of —2°C was reached. During
cooling, the absorbance of the solutions was recorded each
12 s with a data acquisition system (UV-2101/3101PC Per-
sonal Spectroscopy; Shimadzu Corp.). Calibration of the
spectrophotometer was done with the liquid fraction obtained
by filtration of sesame seed oil after storage at 4°C for 15 d
and 1 h at -20°C. Crystallization curves for pure TP and TS
were determined under the same conditions after melting the
triacylglyceride (80°C for 60 min). Two independent crystal-
lization curves were obtained for all samples, and the mean
of the absorbance as a function of temperature was used in
further calculations (Fig. 2). The variation coefficient of ab-
sorbance in the linear part of the crystallization curve (see
next paragraph) was between 2 to 3%.

Based on the relationship between the amount of light ab-
sorbed and dispersed for a solution with suspended particles
(16), the temperature of nucleation onset (7)) was calculated
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(Fig. 2). The statistical parameter utilized for the T, calcula-
tion was the cumulative summation of deviations (CUSUM)
(17), where CUSUM = X(A -A ) from temperature = 80°C to
temperature = —2°C. Thus, the first temperature at which the
absorbance of the oil solution (A ) was significantly higher
than the absorbance of the oil utilized as the blank (Ap) in the
calibration of the spectrophotometer (A = 0) was considered
T),. Likewise, the slope in the linear part of the crystailization
curve was determined by linear regression (Fig. 2), and its
value was considered the overall crystallization rate, associ-
ated with the process of massive nucleation mixed with crys-
tal growth (V). The units of V., were expressed in terms of
the increment in absorbance when the temperature was de-
creased 1°C at a cooling rate of 1.0°C/min (AA/~-A°C).
Measurements of shear stress and reduced viscosity. The
shear stress (T) of the TP and TS solutions was determined as a
function of temperature at different shear rate () with a Brook-
field DV-II viscosimeter (Brookfield Intruments) by using the
small-sample adapter (Brookfield 13R) and spindle SC4-18.
The temperature of the sample was controlled with a Brookfield
TC-200 temperature controller connected to a cooling system
(Brookfield TC-350). The volume of sample was always 8 mL.
To measure the shear stress of the oil solutions under con-
ditions as close as possible to those utilized in the crystalliza-
tion curves (i.e., nonstirring conditions), T was measured at
designated temperatures while decreasing the temperature
from 80 to —2°C at a cooling rate of 1.0°C/min. The oil solu-
tions were only stirred during T measurement. Thus, the solu-
tion in the sample container of the viscosimeter was initially
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heated (80°C for 60 min) to destroy the “memory” of crystal-
lization. Afterwards, the system was cooled (1.0°C/min), and
once the temperature of 60°C was reached, T of the solution
was determined by increasing the shear rate from 0.396 to
79.2 s7'; the equilibrium time for recording the shear stress at
each shear rate was 25 s. The system was again cooled
(1.0°C/min), and T of the solution was measured at 5°C inter-
vals until the temperature of 10°C was achieved, and then at
2.5°C intervals until —5°C. Two independent determinations
of T were performed at each temperature and utilized in fur-
ther analysis.

For calculation of the reduced viscosity, the oil solutions
were considered as binary mixtures, where the solvent was
the sesame oil and the solute was TP or TS. Thus, from t of
the solutions, the reduced viscosity (1},,,) was calculated as a
function of shear rate and temperature with Equation 1:

MNred = [(Tg,~T5 g J(1/C) 1]

where 1, is the shear stress of sesame oil, ¢, is the shear
stress of the TP or TS solution, and C is the concentration of
TP or TS in the solution. Variations in 1, are associated
with changes in the molecular conformation of solute mole-
cules as well as with changes in the intermolecular interac-
tions between solute molecules and between solute and sol-
vent molecules. Thus, the effect of TP or TS addition on the
triacylglyceride organization in sesame oil, and its possible
association to crystallization, was evaluated by plottingn,
of the oil solutions as function of temperature, TP or TS con-
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FIG. 2. Nonisothermal crystallization curve showing the rate of crystallization (V) and the temperature of nucleation (Ty).
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centration, and shear rate. The overall experimental error for
Nyed (i.e., independent of temperature, TP or TS concentra-
tion, and shear rate), calculated through analysis of variance,
was 0.035 for TS solutions and 0.071 for TP solutions.

RESULTS AND DISCUSSION

Several authors have used absorbance measurements to char-
acterize the different stages of isothermal crystallization in
lipid systems (16,18). In general, in a system under isother-
mal crystallization, the amount of light that is dispersed and
absorbed is proportional to the concentration of crystals and
the average area of the crystal distribution (16). There are no
restrictions that limit the use of this relationship to non-
isothermal crystallization process. Thus, in the crystallization
curves, determined by absorbance measurements, T, was as-
sociated with the temperature of onset of nucleation, while
V¢, was associated with the process of massive nucleation
mixed with crystal growth (Fig. 2).

Pure TS started to nucleate at higher temperature (7, =
48.59°C) and crystallized at a higher rate (V. = 3.639 AA/~
A°C) than TP (Ty = 41.81°C, V, = 2.833 AA/-A°C). This
was the result of a higher gradient of supercooling (i.e., the
driving force for crystallization) achieved for TS because of
the more elevated melting temperature of TS [72.11°C, ob-
tained in this study by differential scanning calorimetry, and
72.5°C, reported by Norton et al. (19)] in comparison to TP
[65.67°C, obtained in this study by differential scanning
calorimetry, and 65.3°C, reported by Norton ef al. (19)]. The
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difference in the magnitude of the values of T), and V., be-
tween TP and TS was also present in the oil solutions at all
concentrations of saturated triacylglyceride utilized (Figs. 3
and 4). Under nonisothermal conditions, the kinetic induction
time for crystallization (e.g., value associated to the tempera-
ture when nucleation begins, 7,) and the relative crystallinity
(e.g., value that represents the percentage of solid/crystal for-
mation during nucleation and crystal growth and associated
with V) decreases as the cooling rate increases (20). In this
investigation, the cooling rate was kept constant in all experi-
ments (1.0°C/min). Therefore, the differences in V. and T),
among the systems studies depended only on the differences
in structural/physicochemical properties of the triacylglyc-
eride in the oil solutions (i.e., TP vs. TS solutions) and/or the
different concentration of saturated mono-triacylglyceride in
the sesame oil. Variation in the concentrations of diacylglyc-
erides and/or free fatty acids could affect the magnitude of
V., and T, . However, in this research, the same batch of
sesame oil was utilized in all experiments.

The crystallization rate showed a maximum at a TP and TS
concentration of 0.18 g/dL (Fig. 4); at concentrations <0.18
g/dL, where a substantial lower temperature was needed to
achieve nucleation (Fig. 3), V., decreased significantly.
Under these conditions, the viscosity (i.e., shear stress) of the
oil solutions was significantly higher than at TP and TS con-
centrations 20.18 g/dL (Fig. 5). When crystallization occurs
from the melt, the activation free energy for diffusion of the
molecules in the melt plays an essential role in the kinetics of
crystal growth (8). Thus, whereas growth rate is proportional
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FIG. 3. Temperature of nucleation (T,) of oil solutions at different concentrations of tripalmitin and tristearin. The arrow indicates the temperature
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FIG. 4. Rate of crystallization (V(,) for tripalmitin and tristearin in sesame seed oil.

to supercooling, it is inversely proportional to viscosity (21).
These results indicated that, at TP and TS concentrations
20.18 g/dL, the crystallization process was balanced by the
effect of supercooling and molecular diffusion. However, at
TP and TS concentrations <0.18 g/dL, the diffusion term be-
came the rate-determining step of crystallization.

In particular for T, , its magnitude decreased as the propor-
tion of unsaturated triacylglycerides (i.e., sesame oil) increased
in the system (Fig. 3). The fatty acid profile of sesame oil (%
w/w) was the following: palmitic acid 9.5%, stearic acid
5.42%, oleic acid 39.7%, linoleic acid 43.75%, palmitoleic acid
0.29%, linolenic acid 0.6%, unidentified faity acids 0.5%. The
fatty acid composition was in close agreement with the results
obtained by Kamal-Eldin and Appelgvist (10). Sesame seed oil
showed a high degree of unsaturation (14.92% of saturated
fatty acids, 39.99% of monounsaturated fatty acids, and 44.5%
of polyunsaturated fatty acids). Thus, solutions of TP or TS in
sesame oil might be considered binary systems formed by sat-
urated and unsaturated triacylglycerides. Within this frame-
work, the T, behavior (Fig. 3) might be explained based on the
results of Ng (11) for pure binary systems of triacylglycerides
with high and low melting temperatures (i.e., saturated and un-
saturated triacylglycerides). Thus, the unsaturated triacylglyc-
eride molecules of sesame oil interacted, through polar or dis-
persive forces, with the saturated triacylglyceride at the inter-
phase between the oil solution and the developing nucleus of
TP or TS. As a result of the molecular interaction, the compo-
nent with the higher melting temperature (T,,) decreased its 1,,.
The degree of reduction in 7, was an inverse function of the
concentration of TP or TS in sesame oil. Thus, the supercool-

ing gradient, T),~T, required to induce TP or TS nucleation in
sesame oil, needed a lower temperature (i.e., a lower 7)) as a
function of the decrease in T,,. However, an additional expla-
nation, based on the effect that TP and TS had on the organiza-
tion of the unsaturated triacylglycerides of sesame oil, might
also apply.

The development of molecular organization in the liquid
state is a requirement to produce crystallization (8). However,
the development of a nucleus (i.e., the critical number of mol-
ecules in achieving a solid phase) must be associated with
evolution in the organization of the triacylglyceride mole-
cules in the liquid state (i.e., bilayer lamellar structures, Fig.
1) as the temperature approaches the degree of supercooling
required to achieve nucleation. In fact, the change of oil vis-
cosity with temperature of the system is determined by the
shape and size of the triacylglyceride lamellar structures (Fig.
1). Figure 6 shows, according to the Arrhenius equation, the
1 profile at different shear rates (7.92-79.2 s'l) of the solu-
tions of TP and TS at 0.098 g/dL.. The 1 profile of sesame oil
was also included in the plot to show the contribution of TP
and TS to the shear stress of the oil solution as the tempera-
ture of the system approached T),. The T values at shear rates
<3.96 s™! were not considered because of the low sensitivity
of the viscosimeter at such shear rates. On the other side, due
to the shear rate applied during the T measurements, the onset
of crystallization might have occurred at a different tempera-
ture than that determined under nonstirring conditions. How-
ever, the oil solutions were just stirred during T measurement,
and therefore, the shear rate effect on crystallization was con-
sidered limited.

JAOCS, Vol. 73, no. 10 (1996)
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ature of viscosity measurement was T, (Fig. 3).

Before and after T, there was a difference in 7T of the TP
and TS solutions with respect to T of sesame oil (Fig. 6). At
temperatures <7, supercooling favored the development of
crystals; thus the difference between the T profiles showed the
effect of the volumetric fraction of crystals on the viscosity
of the liquid phase. In the vicinity of a critical temperature or
critical solute concentration at which phase separation occurs,
binary liquid systems present large concentration fluctuations
(22). As a result, the viscosity of binary liquid mixtures shows
strong temperature and concentration dependence as some
critical solution temperature is approached (i.e., Ty) (22). At
temperatures >T,, there were no conditions to produce crys-
tallization; thus the difference in the T profiles indicated the
effect of the saturated triacylglyceride on the molecular orga-
nization, in the liquid state, of the triacylglycerides of sesame
oil. This effect depended on the shear rate applied to the sys-
tem (Fig. 6). Whereas sesame o0il showed a linear behavior in
the Arrhenius model up to temperatures <7, (4.25°C) at all
shear rates utilized, the shear stress profile of the TP and TS
solutions was not linear (Fig. 6). However, as the shear rate
was increased, T of the oil solutions became more linear and
approached the T profile of sesame oil (Fig. 6). These results
suggest that, as the shear rates increased, the original lamellar
organization of the unsaturated triacylglyceride in sesame oil
was achieved. This event may be associated with segregation
of the saturated triacylglyceride from the sesame oil phase
due to the exclusion of incompatible molecules by the steric
nature of the cis unsaturation. This process was promoted as
the shear rate increased. Nevertheless, under the shear rate ef-

JAOCS, Vol. 73, no. 10 (1996)

fect, crystallization of the segregated molecules did not occur
because supercooling had not been achieved. With differen-
tial scanning calorimetry, nuclear magnetic resonance, and X-
ray diffraction, Norton et al. (19) showed that the solubility
of TP and TS in triolein was significantly lower than that es-
tablished for ideal solutions. These authors suggested than,
even in the liquid state at nonstirring conditions, saturated tri-
acylglyceride may be segregated from the triolein phase due
to the steric nature of the cis unsaturation (19).

The shear stress data were utilized to calculate 1, of the
oil solutions to obtain additional information on the triacyl-
glyceride organization of the solutions at temperatures >T,.
In general, the 1, of a binary system follows a linear rela-
tionship with the concentration of solute in the solvent. The
extrapolation of 1, , when the concentration of the solute is
zero, is known as the intrinsic viscosity of the solute, a value
that is associated with the effective hydrodynamic volumes
of separate, noninteracting molecules that make up a gram of
solute (22). In this investigation, a linear relationship was not
observed between 1,,,, and the concentration of TP or TS in
the oil (data not shown), mainly because the solute and the
solvent molecules shared structural characteristics and
physicochemical properties. Besides, departures from linear-
ity are common in systems under conditions of phase separa-
tion and transition, and in liquid crystalline systems, which
show a strong temperature and concentration dependence as
some critical temperature is approached (i.e., 7)) (22).

The n,,, of the oil solutions, plotted as a function of the
temperature at two different shear rates, is shown in Figures 7
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and 8 for the different TP or TS concentrations investigated.
The n,,, measurements indicate changes in the molecular
conformation of solute molecules (i.e., intramolecular phe-
nomena) as well as changes in the intermolecular interactions
{e.g., association, dissociation, etc.) between solute molecules

and between solute and solvent molecules (22). However, the
chemical nature of the triacylglyceride molecules limited the
contribution of conformational changes to the magnitude of
Nyed: Therefore, before nucleation occurred, 1y, showed the
effect of the intermolecular interactions between the saturated

JAOCS, Vol. 73, no. 10 (1996)
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triacylglyceride and the native organization of the unsaturated
triacylglycerides of sesame oil. Ongoing studies with
TP-sesame oil solutions by differential scanning calorimetry
and polarized microscopy (Dibildox-A.E., and Toro-V.J.F,,
unpublished results) show that, at TP concentrations <0.098
g/dL, mixed crystal formation occurs between a triacylglyc-
eride fraction of sesame oil and TP. However, at TP concen-
trations >0.098 g/dL, TP crystallizes independently. These re-
sults suggest that, before nucleation occurred, the negative
values of 1, , at TP or TS concentrations <0.098 g/dL indi-
cated that, as a result of the intermolecular interactions be-
tween the saturated triacylglyceride and the unsaturated tria-
cylglycerides of sesame oil, the oil solution developed lamel-
lar structures with a smaller size than the native structures in
sesame oil. This triacylglyceride structure in the liquid state
may be responsible for the mixed crystal formation. In the
other side, at TP or TS concentrations >0.098 g/dL, the
change inn,,, as a function of temperature showed the rate
of TP or TS segregation out of the lamellar structure as the
system approached T),. In other words, the increase in inter-
facial energy between the bilayer lamellar structure of TP or
TS and the lamellar organization of unsaturated triacylglyc-
eride of sesame oil is described by the change inm,,, as the
temperature is decreased. The results shown in Figures 7 and
8 indicate that the kinetics of the segregation phenomenon
that occurred at TP or TS concentrations >0.098 g/dL was a
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function of the concentration of saturated triacylglyceride and
the type of triacylglyceride (i.e., TP or TS), and that it was fa-
vored by an increase in the shear rate.

Independent of the saturated triacylglyceride concentra-
tion and shear rate applied, T, was always achieved right after
N,q = 0, which represents the point where the interfacial en-
ergy between the sesame oil and the developing nucleus in
the sesame oil accomplished its maximum value (i.e., mini-
mum solubility of the crystal developed in sesame oil). Thus,
the higher the intermolecular interaction between the satu-
rated triacylglycerides and the unsaturated triacylglycerides
of sesame oil, the lower the temperature needed to accomplish
the point where 1, , = 0 in the oil solutions. The results ob-
tained indicate that the lower the concentration of saturated
triacylglyceride in the sesame oil, the higher the intermolecu-
lar interaction with the unsaturated triacylglyceride of the sol-
vent (Figs. 7 and 8) and the lower the temperature needed to
achieve m,,, = 0 (Fig. 3). As a result, the viscosity of the lig-
uid phase becomes the limiting factor for crystal growth rate,
especially at TP and TS concentrations <0.18 g/dL (Fig. 5).
Thus, in binary systems, such as the one investigated here, the
degree of intermolecular interaction between the triacylglyc-
eride structures determines the development of mixed crystal
formation or the segregation rate of the molecules with the
highest melting temperature, which in turn determines the nu-
cleation temperature of the system. In conclusion, TP and TS
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FIG. 8. Reduced viscosity of tristearin solutions as a function of tristearin concentration in sesame oil and temperature at two shear rates: A, 7.92;
B, 15.84.

nucleation was more difficult in sesame oil solutions than in
their own melt, which implies that a higher overall free en-
ergy of nucleation was needed to crystallize TP and TS in
sesame oil than in their own melt.
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