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SUMMARY: The crystallization behaviors of safflower and olive oils were investigated according to changes in
volume and transmitted light intensity during isothermal storage at low temperature. The changes between the
oils were significantly different even though their fatty acid compositions were similar, with oleic acid account-
ing for more than 75% (w/w) of the total oil. It was expected that minor components with high melting points
would affect the crystallization behaviors of these oils. The crystallization processes of the oils were then ana-
lyzed using a kinetic model in which the oil crystallizes through two different processes. It is suggested that
although the crystallization behaviors were apparently different, the crystallization mechanisms of these oils are
essentially the same.
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RESUMEN: Cinéticas de cristalizacion de aceites de cartamo y oliva durante el almacenamiento a baja tempera-
tura. Se estudiaron los comportamientos durante la cristalizacion de aceites de cartamo y oliva en funcion de
los cambios en el volumen y la intensidad de la luz transmitida durante el almacenamiento isotérmico a baja
temperatura. Los cambios fueron significativamente diferentes entre los dos aceites, aunque su composicion en
acidos grasos era similar, con el acido oleico en una proporcion superior al 75% (p/p). Se esperaba que los com-
ponentes menores con altos puntos de fusion afectarian a los comportamientos de cristalizacion de estos aceites.
Los procesos de cristalizacion de los aceites se analizaron utilizando un modelo cinético en el que el aceite cris-
taliza a través de dos procesos diferentes. Se sugiere que, aunque los comportamientos de cristalizacion fueron
aparentemente diferentes, los mecanismos de cristalizacion de estos aceites serian esencialmente los mismos.
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1. INTRODUCTION

Vegetable oils are multi-component systems con-
taining various triacylglycerols (TAGs), in which
three fatty acid molecules are ester-bond to a glyc-
erol molecule (Himawan, Starov, and Stapley, 2006).
Depending on the oil type, it can contain TAGs with
largely different melting points. The fractionation
of oils having different melting points has been
performed on an industrial scale. For an efficient
fractionation of oils, it is necessary to reasonably
control the size and form of the crystals, which are
affected by the cooling conditions (Abeshima, 1998;
Hamm, 1995). Because the crystals affect the physi-
cal properties and appearance of foods, the control
of the crystal size, shape, and polymorph is impor-
tant for producing food with high quality (Rincon-
Cardona et al, 2013; Himawan et al., 20006).
Furthermore, owing to the diversification of trends
in food consumption, the physical properties of
required oils and fats are also diversified (Fujiwara
et al., 1972). The composition of TAGs and con-
stituent fatty acids influences the crystallization
behavior (Abeshima, 1998). For food distribution
and preservation, it is important to predict the time
at which crystallization begins or polymorphic tran-
sition occurs during storage. Lipid crystallization
may cause oil-water separation in emulsified foods
(Coupland, 2002; Rousseau, 2000). Differences in
polymorphism may also affect the oxidation behav-
ior of lipids (Calligaris et al., 2006).

The crystallization behavior of oils with high
melting points, such as palm oil and cacao butter,
has been investigated as well as the effect of adding
other oils and fats or talc (de Oliveira et al., 2015;
Quast et al., 2013; Yoshikawa et al., 2016). The crys-
tallization behavior of vegetable oils with low melt-
ing points, sunflower (Calligaris et al., 2008) and
olive oils (Barba et al, 2013; Bayés-Garcia et al.,
2017), has also been investigated. Studies on crys-
tallization polymorphism (Barba et al., 2013; Bayés-
Garcia et al., 2017), and the effects of oxidation of
the oil (Calligaris et al., 2006, Chiavaro et al., 2012)
and TAG compositions (Bayés-Garcia et al., 2017)
on the crystallization behaviors have been reported,
especially for olive oil. However, studies on the crys-
tallization behavior of oils with low melting points
are far fewer compared to those of oils with high
melting points and in many cases this behavior
remains unclear.

We previously studied the crystallization behav-
ior of rapeseed oil, which is a vegetable oil with a
low melting point, particularly the time required
for crystallization during isothermal storage, or the
induction period of crystallization. In that study,
stress measurement, temperature measurement,
and differential scanning calorimetry (DSC) anal-
ysis revealed that several hours to half a day were
required for complete crystallization during the

isothermal storage of rapeseed oil at low tempera-
tures (Miyagawa et al., 2015; Miyagawa et al., 2016).
X-ray structural analysis showed minute structural
changes during the induction period for crystal-
lization and the crystalline polymorphism after
crystallization (Miyagawa et al., 2017). Although
these methods are useful for identifying the details
of phenomena occurring during the crystallization
process, they are not applicable to continuous mea-
surement for the same sample over a long period of
time. Moreover, it is difficult to quantitatively inter-
pret the results.

In addition to the methods described above, the
crystallization behavior of oils can also be measured
by dilatometry (Bailey and Kraemer, 1944; Fulton
et al., 1954), turbidity measurement, transmitted
light intensity measurement (Wright et al., 2000),
microscopic observation (Kellens et al., 1992), and
pulsed nuclear magnetic resonance (pNMR) spec-
troscopy (Campbell et al., 2004). Dilatometry is a
classic, useful method for examining the crystalliza-
tion behavior of oils. This method provides infor-
mation about volumetric change in the bulk oil,
which is a crystallization ratio, and crystal structure
such as polymorphism (Bailey et al, 1944). This
contrasts with DSC and X-ray structural analyses,
which provide thermal and microscopic informa-
tion. In addition, dilatometry is advantageous for
a non-destructive measurement of the same sam-
ple over a long period. Volumetric dilatometry is a
method for measuring volumetric changes in the oil
using a dilatometer consisting of a bulb filled with
oil and a capillary filled with an immiscible liquid.
Because the filling liquid must not be evaporated or
frozen during the measurement, mercury has fre-
quently been used in dilatometry for oils. However,
in recent years, the adverse safety and environ-
mental aspects of using mercury have made its use
largely discontinued. Because it is difficult to find
an alternative appropriate filling, the dilatometry
technique for measuring the crystallization behavior
of oil has also been discontinued. We showed previ-
ously that the crystallization behavior of rapeseed
oil can be accurately measured by dilatometry when
a using 30% (w/w) CaCl, solution (brine) as filling
liquid (Miyagawa, Yoshida, Nakagawa, Adachi,
2018). The measurement of turbidity or transmitted
light intensity is an effective method for observing
microscopic changes occurring in the crystallization
process (Wright, Narine, Marangoni, 2000) as well
as pNMR. The measurement of transmitted light
intensity is easily conducted and is more sensitive
than pNMR spectroscopy (Wright et al., 2000). We
previously applied the transmitted light intensity
measurement method to monitor the crystalliza-
tion of rapeseed oil during its isothermal storage
(Miyagawa et al., 2018).

The Avrami or Kolmogorov-Johnson-Mehl-
Avrami (KJMA) model (Avrami, 1940) has been most
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frequently used for describing the crystallization behav-
ior of oil. In addition, the nucleation rate of TAGs in
vegetable oil is expressed by the Fisher-Turnbull equa-
tion (MacNaughtan et al., 2006; Turnbull and Fisher,
1949). However, these methods cannot be used to suf-
ficiently express or analyze the crystallization process
which includes the induction period. In this context,
we previously proposed a kinetic model for the crys-
tallization of rapeseed oil during isothermal storage at
low temperatures (Miyagawa et al., 2018).

In the present study, the crystallization behaviors
of safflower and olive oils were evaluated in the tem-
perature ranges of -10 to -20 °C and -5 to -17 °C,
respectively, using dilatometry and transmitted light
intensity measurement. The changes in volume were
analyzed by using our previous model to evaluate
the rate constants for the crystallization of the oils.

2. MATERIALS AND METHODS
2.1. Materials

The first-grade saftflower oil, research-grade olive
oil, special-grade sodium sulfate, and 28% sodium
methoxide in methanol were purchased from
Fuyjifilm Wako Pure Chemical Corp., Osaka, Japan.
Special-grade calcium chloride was purchased from
Nacalai Tesque, Kyoto, Japan.

2.2. Fatty acid composition

Approximately 100 pL safflower or olive oil
were mixed with 3 mL methanol and 0.8 mL 28%
sodium methoxide in methanol, and the mixture
was heated at 75 °C for 15 min using an alumi-
num block thermostat (Dry ThermoUnit, DTU-
ICN, Taitec, Saitama, Japan). After allowing the
mixture to cool to room temperature, 3 mL hex-
ane were added, and the mixture was stirred. 2 mL
distilled water were then added, and the mixture
was stirred again. Approximately 1 mL of the hex-
ane layer was removed, and a sufficient amount of
anhydrous sodium sulfate was added to dehydrate
the hexane solution. The dehydrated hexane solu-
tion was centrifuged at 10,000 rpm for 3 min using
an MC-150 centrifuge (Tomy Seiko, Tokyo, Japan),
and the upper layer was analyzed by gas chroma-
tography (GC-2014, Shimadzu Corp., Kyoto) with
a DB-23 capillary column (Agilent Technologies,
Tokyo) and flame ionization detector to determine
the fatty acid composition of the oil. The injector
and detector temperatures were set at 245 °C and
250 °C, respectively. The column temperature was
maintained at 150 °C for 0.5 min and raised gradu-
ally to 170 °C at 4 °C/min, 195 °C at 5 °C/min, and
215 °C at 10 °C/min before being held at 215 °C
for 5 min. The composition of each oil is shown
by the mean and standard deviation of triplicate
analyses.

2.3. Volumetric measurement

The densities of 30% (w/w) CaCl, (designated
as brine), safflower oil, and olive oil at 25 °C were
determined by pycnometry to be 1.2780 £ 0.0009,
0.9098 £ 0.0005, and 0.9094 + 0.0004 g/mL, respec-
tively, which are the means * standard deviation of
three measurements.

The dilatometric apparatus employed and the
method used to measure the volumetric change in
the oil were the same as those used in our previous
study (Miyagawa et al., 2018). Briefly, a calibration
curve related the storage temperature, £(°C) and the
volumetric change of the brine, Xy, (mL/g) was
prepared from the brine. The cahbratlon curve was
linear with a correlation coefficient R> of 0.9988 and
is expressed by

KNorine = (6—30)/3218 (—40 < 6 < 30) (1)

Prior to use, the safflower and olive oils were
degassed as follows. The safflower oil was frozen at
-80 °C for 1 h and degassed under reduced pressure
for 1 h during the thawing process. The oil was frozen
again at -80 °C for 1 h and degassed under reduced
pressure at room temperature overnight. The olive
oil was frozen at -80 °C for 2 h and degassed under
reduced pressure at room temperature overnight.

50 g of the degassed safflower or olive oil were
precisely weighed and placed in the bulb portion
of the dilatometer and stored in a temperature-
controlled chamber at -25 °C or -30 °C for 30 min
to be frozen. Approximately 60 g of the brine was
layered onto the frozen oil, and the oil was then
thawed. The dilatometer was allowed to stand for
2 h in a temperature-controlled chamber at 30 °C.
It was then cooled to a specific temperature at a
temperature-descending rate of 0.5 °C/min and kept
at the specific temperature. The sum of volumetric
changes in the oil and the brine, V., from the ini-
tial temperature set point of 30 °C were recorded
every 10 min. The volumetric change in the oil from
the initial temperature set point, X; (mL/g), was
calculated using Eq. (2):

011 ( Vtotal

where Wy, and W, are weights of the brine and
the oil, respectively.

The time from the start of isothermal storage
to the time at which the volume began to change
was defined as the induction period for crystalliza-
tion. The point at which the derivative of the X;
with respect to time began to change was defined
as the time at which the volume began to change.
Measurements were performed in triplicate for the
olive oil stored at -7 °C and once for other cases.

When safflower oil was stored at -15 °C, the
change in temperature was measured every 5 min by

Xbrine Wbrine)/Woil (2)
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using a K-type thermocouple installed in the center
of the bulb.

2.4. Measurement of transmitted light intensity

The measurement was conducted in the same way
as that reported in our previous study (Miyagawa
et al., 2018). Briefly, the degassed oil was placed
in a glass cuvette with an optical path length of
1 cm and frozen. After thawing, the intensity of the
transmitted light was measured in the range of 360
to 830 nm by using an apparatus consisting of a
tungsten light source (LS-1, Ocean Optics, Florida,
USA) and a spectroscope (USB2000+UV—VIS—ES,
Ocean Optics). The light intensity at 600 nm over
150 counts was recorded. Measurements were per-
formed in triplicate for the olive oil stored at -7 °C
and once for other cases.

3. RESULTS AND DISCUSSION
3.1. Fatty acid composition

Table 1 shows the fatty acid compositions of the
safflower and olive oils used to measure the changes
in volume and transmitted light intensity during
storage at low temperatures. The main component
of both the safflower and olive oils was oleic acid,
at about 80% and 75%, respectively. The second
most common components were linoleic acid for
safflower oil and palmitic acid for olive oil, at about
13% and 12%, respectively.

3.2. Changes in volume and transmitted light
intensity of safflower oil

The safflower oil was stored at -10, -12, -15, -17
and -20 °C, and the changes in its volume and trans-
mitted light intensity at 600 nm were measured with
time (Figure 1). As with the change in the volume
of rapeseed oil reported in our previous study
(Miyagawa et al., 2018), the change in the volume
of safflower oil progressed in three stages. In the
first stage, the volume decreased in proportion to
a decrease in temperature (cooling process). In the
second stage, the volume was hardly changed at a
constant temperature (induction period for crystal-
lization). In the third stage, the volume decreased
even at constant temperature.

The changes in volume and temperature were
simultaneously measured for safflower oil stored
at -15 °C (Figure 2). The volume decrease and heat
generation occurred simultaneously. This fact indi-
cates that the heat generation was ascribed to a large
structural change accompanying the change in vol-
ume, which describes crystallization.

Higher storage temperature was directly pro-
portional to a remarkably longer induction period
(Figure 3). The relationship between the storage

TaABLE 1. Fatty acid compositions of safflower and olive oils

Fatty acid (% (wiw)) Safflower oil Olive oil
Palmitic acid 4.5+0.1 122%0.2
Stearic acid 1.9+0.1 24104
Oleic acid 79.7+0.1 74.6 £ 0.3
Linoleic acid 129 +£0.1 8.5+0.1
Linolenic acid 0.1£0.0 0.6 £0.0
Arachidic acid 0.4+0.0 0.4+0.0
Others 0.6£0.0 1.3£0.0

The values represent the mean * standard deviation (1 = 3).
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FIGURE 1. Changes in (a) volume and (b) transmitted light
intensity of safflower oil at various temperatures of —10 °C
(0), —=12°C (A), =15°C (O), =17 °C (V), and =20 °C (¢)). The
volume and transmitted light of the oil were measured once at
each temperature.

temperature and the induction period for safflower
oil was consistent with that of our previous study
(Miyagawa et al, 2019).

At the beginning of the measurement, the trans-
mitted light intensity was too large to be detected
and gradually decreased during the subsequent
induction period. A lower storage temperature
related to a greater decrease in transmitted light
intensity and in the rate of decrease.

The transmitted light intensity of the oil stored
at -10 °C sharply decreased after the volume began
to decrease, whereas the decrease in volume and
the sharp decrease in transmitted light intensity
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occurred almost simultaneously for the oil stored at
-12 °C. This fact suggests that the process of macro-
scopic crystallization development might be differ-
ent at -10 °C and -12 °C or at lower temperatures.

In the process of rapeseed oil crystallization, a
phenomenon was observed in which the transmitted
light intensity increased once during the induction
period. This increase suggests that a melt-mediated
transition occurred in which the rapeseed oil in a
nearly solid state changed to a liquid state and then
crystallized (Miyagawa et al., 2018).

The saftflower oil did not exhibit an increase in
transmitted light intensity during the induction
period. This fact suggests that the safflower oil

30

-0.05

Volumetric change, X;
e
Temperature [°C]

—0.10 | | | | | | | | | _30
0 5 10

Storage time [h]

FIGURE 2. Volumetric and temperature changes in safflower

oil during storage at —15 °C.
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S
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=20 -15 -10 -5
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FiGUre 3.  Effects of storage temperature on the induction

period (open symbols) and the conclusion period (closed
symbols) of safflower oil (A, A) and olive o0il (O, @).

crystallized by a mechanism different from melt-
mediated transition or that the change accompany-
ing the transition was very small.

3.3. Changes in volume and transmitted light
intensity of olive oil

Figure 4 shows the transient changes in volume
and in the transmitted light intensity of olive oil
stored at -5, -7, -10, -12, -15, or -17 °C. Compared
with that for safflower oil, olive oil showed a large
change in volume during the induction period.
Moreover, this tendency was more pronounced at a
lower storage temperature. The relationship between
the storage temperature and induction period of the
olive oil was different from that of safflower oil.
That is, the induction period of olive oil did not
decrease monotonically with a decrease in storage
temperature and was the longest when stored at a
specific temperature of -10 °C.

The changes in volume and transmitted light
intensity of olive oil varied greatly at -10 °C, as did
the induction period. The volumetric change in olive
oil after crystallization was -0.08 to -0.09 mL/g at -10
°C or lower temperatures. This volumetric change is

— 0 ¥
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=
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FiGUrRE 4. Changes in (a) volume and (b) transmitted
light intensity in olive oil at various temperatures of
=5°C(>), =7°C(¢), —10°C (D), ~12°C (4), =15 °C (O),
and —17 °C (V). The volume and transmitted light of the
oil stored at —7 °C were measured in triplicate, but only
mean values are shown to avoid complication of the graph.
Measurements were performed once for other cases.
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almost the same as those of safflower and rapeseed
oils, at -0.07 to -0.10 mL/g (Miyagawa et al., 2018).
The volumetric changes at -5 °C and -7 °C were
both about -0.05 mL/g, which is greater than those
at other temperatures.

Figure 5 shows the density of olive oil at various
temperatures, which was calculated from the volu-
metric change. The densities at -5 °C and -7 °C are
almost the same as that of liquid. The olive oil kept
at -5 °C and -7 °C appeared to be partially crystal-
lized. However, the olive oil was fully crystallized at
-10 °C and appeared to be uniform, and no phase
separation was observed macroscopically. Oil in a
liquid or liquid-like state appeared to exist in the
void of the solid crystals.

The duration from the start of the isothermal
storage to the end of the volumetric decrease of the
oil stored at -10 °C, which is designated as the con-
clusion period of crystallization, was significantly
longer than the conclusion periods of oils stored at
other temperatures.

Unlike that of safflower oil, the volume of olive
oil stored at -10 °C did not decrease smoothly but
exhibited a step-wise change that was significant
between 5 and 15 h of storage time. This change
suggests that crystals of different structures were
generated in a step-wise fashion or that the struc-
tures of the crystals gradually changed.

The transmitted light intensity of the olive oil
showed different behaviors at temperatures higher
and lower than -10 °C as well as volumetric change.
At -10 °C or higher, the transmitted light intensity
of the olive oil greatly decreased when its volume

1.00

A L.
Ate

0.98 - & il

0.96 - =

0.94 =

Density [g/mLj]
@

0.92 - T

090 ———1 1 1 1111
-20 -10 0 10 20 30

Isothermal storage temperature [°C]

FIGURE 5. Densities of safflower (A, A) and olive oils (O, ®)
before crystallization (open symbols) and after crystallization
(closed symbols).

began to decrease. The transmitted light intensity of
the olive oil stored at -12, -15, and -17 °C did not
decrease monotonically but temporarily increased
just before crystallization. This temporary increase
can be attributed to melt-mediated transition.
Therefore, the transition would have occurred at
below -12 °C. The melt-mediated transition is likely
to occur at relatively high temperatures. This means
that the transition is more likely to occur when the
difference between the storage temperature and
the melting point of TAGs to crystallize is smaller
(Miyagawa et al., 2018). However, it is interesting
to note that the olive oil underwent the transition at
-12 °C or lower rather than at -10 °C or higher.

The aforementioned density suggests that only
some TAGs crystallized at -5 °C and -7 °C. The
crystallized TAGs were presumed to be those with
high melting points and likely included palmitic
acid or stearic acid, such as LPP, SOS, POS, and
PPP, for which L, O, S, and P represent linoleic,
oleic, stearic, and palmitic acids, respectively. The
content of each TAG was less than 1% in oilve
oil, but more than those in safflower and rapeseed
oils (Totani, 2012). It was considered that all the
TAGs, including those with low melting points
such as OO0, OOP, and LOO, crystallized at
-10 °C or lower. These TAGs were the main three
components of the olive oil in decending order
(Bayés-Garcia et al., 2017; Totani, 2012). The crys-
tallization of TAGs with high melting points would
occur at temperatures higher than -10 °C, and the
crystallization of all TAGs would occur at -10 °C
or lower. When only TAGs with high melting points
crystallized, the melt-mediated transition hardly
occurred because -10 °C is a relatively low tempera-
ture. When all of the TAGs crystallized, the melt-
mediated transition would have occurred because
-12 °C is a relatively high temperature. The tempo-
rarily increased transmitted light intensity at the
temperature range of -12 °C to -17 °C was larger
at the higher storage temperature. The oil in which
the melt-mediated transition occurred appeared to
be in the most liquid-like state at -12 °C. This also
indicates that -12 °C is a relatively high temperature
for the crystallization of the oil.

3.4. Changes in density before and after
crystallization

In our previous study (Miyagawa et al., 2018),
we showed that the density of liquid rapeseed oil
immediately after the commencement of isother-
mal storage, in which no crystal had formed, was
proportional to the temperature even though
the oil crystallized after a certain period. Timms
(1985) reported that the proportionality constant
is 6.8 x 10 mL/g-°C, regardless of the oil type.
According to the Timms formula and using the den-
sities measured at 25 °C, the relationships between
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density p (g/mL) and storage temperature 7 (°C) for
the safflower and olive oils are given by Egs. (3) and
(4), respectively.

p=6.810" T+0.9268 Eq. 3)

Eq. 4)

For each oil, the density p;, at the beginning
of isothermal storage (i.e., at the end of the cool-
ing process) and the density p,,, after crystallization
were estimated (Figure 5). The determination coeffi-
cients R* of Eqs. (3) and (4) for p;, of safflower and
olive oils were 0.950 and 0.948, respectively, suggest-
ing that no crystals were formed in either oil during
the cooling process.

The p,,, values of the safflower and olive oils were
larger at the lower storage temperature and showed
convex shapes against the temperature. The density
of crystals is closely related to the packing structure
of the TAG molecules (Himawan et al., 2006). The
most abundant TAG in both the safflower and olive
oils is triolein (Bayés-Garcia et al., 2017; Totani,
2012). Because the TAG molecules that were pres-
ent most frequently were common to both the oils,
it appears that they showed a similar temperature
dependency of density. Olive oil contains more
fatty acids with high melting points, palmitic acid,
and stearic acid than safflower oil (Table 1); thus,
olive oil would have more TAGs with high melting
points. It was reported that some TAGs containing
palmitic and stearic acids were more rich in olive
oil than in safflower oil as mentioned in section 3.3
(Totani, 2012). The melting point of olive oil con-
taining more components with high melting points
is thought to be comprehensively higher than that
of safflower oil (Miyagawa et al., 2019). Therefore,
olive oil crystallized at a relatively lower tempera-
ture would have higher density.

p=6.8"10" T+0.9264

3.5. Crystallization kinetics

Based on the kinetic model (Miyagawa et al.,
2018) shown in Figure 6, the changes in the vol-
ume of safflower and olive oils that occurred during
the isothermal storage were analyzed. The kinetic
model effectively represented the normalized volu-
metric change during the crystallization process of
rapeseed oil including the induction period, which is
defined by Eq. (5) (Miyagawa et al., 2018):

Vcry:( Xoino = Xow) / (X, oileo — Xoil0) (5

where X, is the volumetric change at any storage
time, and X, and X; ., are the volumetric changes
that occur from the beginning of cooling at 30 °C to
the starting point of isothermal storage at a specific
temperature and from the beginning of cooling at
30 °C to the end of crystallization, respectively.

Liquid

k, ‘\k"

k, Meta-stable state
ks

Crystal

FIGURE 6. Kinetic model for crystallization of rapeseed oil.

The model assumes two processes for crystalliza-
tion and consists of four steps. All of the steps are
considered to be expressed by first-order kinetics.
In one process, liquid oil crystallizes directly, with a
rate constant ky; in the other, oil crystallizes through
an intermediate state (meta-stable state). In step 2,
liquid oil changes to the meta-stable state with a
rate constant k,. Step 2" with rate constant &, is the
reverse reaction of step 2. Steps 2 and 2’ represent
the melt-mediated transition. In step 3, with a rate
constant k;, crystals generated earlier promote auto-
catalytical change from the meta-stable to crystal
state.

The analysis of the crystallization behavior of
the safflower and olive oils showed that the k" value
was very small or zero at the storage temperature
at which no increase in transmitted light intensity
was observed. The k,” values for the safflower oils
stored at all temperatures and for the olive oil stored
at -5 °C and -7 °C were regarded as zero.

Figure 7 shows the changes in the volume of saf-
flower and olive oils during their isothermal storage.
The root mean squared errors (RMSE), which are
defined by Eq. (6), were in the range of 1.30 x 10~
to 2.78 X 10", and the model effectively expressed
the changes in volume of both oils during storage at
any temperature:

RMSE = \|(Vea —Vors )/, (6)

where V,, and V_ are the experimentally
observed V,, value and that calculated according to
the model, respectively.

Figure 8 shows the Arrhenius plots for the
rate constants k,, k,, k,’, and k; for safflower and
olive oils. The k,, k,, and k; values for safflower
oil increased with a decrease in temperature. This
fact effectively reflects that a lower storage tem-
perature relates to a shorter induction period
of crystallization. The activation energy for k; was
about -550 kJ/mol. This large value of activation
energy indicates that the crystallization process of
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FIGURE 7. Temperature dependence of the rate constants
for the crystallization of (a) safflower and (b) olive oils: k|,
(O), ky (L), ky' (V), k5 (0). The broken and solid lines are the
densities of safflower and olive oils, which were calculated
according to Egs. (3) and (4), respectively.

safflower oil through step 1 is sensitive to tempera-
ture change.

The temperature dependencies of the rate con-
stants for olive oil changed at -10 °C. As the tempera-
ture decreased, the k, value increased between -5 °C
and -10 °C but decreased between -10 °C and -17 °C.
As with the saftflower oil, the k, value increased slightly
with a decrease in storage temperature. The k,” value
was 0 at -5 °C and -7 °C, as described above, and
decreased between -10 °C and -17 °C with a decrease
in temperature. The k; value was 0 at -10 °C, and those
at other temperatures were almost the same.

From the temperature dependencies of the rate
constants, the crystallization mechanism of olive
oil was inferred as follows. At -5 °C and -7 °C, no
melt-mediated transition occurred, and crystalliza-
tion proceeded in parallel by direct change from liq-
uid to crystal (step 1) and by autocatalytic change
from meta-stable to crystal states (step 3). On the
contrary, at -10 °C, the oil in the meta-stable state
changed to a liquid state through melt-mediated
transition (steps 2 and 2’), and the liquid oil then
crystallized directly through step 1. Therefore, it
is presumed that step 3 did not proceed. This pre-
sumption agrees with our previous consideration
(Miyagawa et al., 2018) such that step 3 proceeds
when step 2" hardly proceeds.

10-8 =
10-10 | | ] ] |
3.7 3.8 3.9 4.0
103/T [K]
102 "D—D‘ A T
7 104 | =
e
- | Al
-2 106 d
- | ol
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FIGURE 8. Arrhenius plots of the rate constants for the
crystallization of (a) safflower and (b) olive oils.

The fact that no temporary increase in trans-
mitted light intensity was observed at -10 °C may
seem to contradict the progress of step 2’. However,
it is reasonable from the discussion on the changes
in volume and density to understand that the crys-
tallization behavior varies below -10 °C. At -10 °C,
the temporary change in transmitted light intensity
may not be observed owing to the great influence of
the volumetric change in step 2’. At -12 °C or lower,
because the k,” became small and it was difficult for
step 2’ to proceed, step 3 would have proceeded sig-
nificantly. It is considered that step 2 became domi-
nant as the temperature decreased and that step 1
became inferior to decrease the k, value. The behav-
iors of the volume decreases in safflower and olive
oils could be explained by the same kinetic model
as that used for rapeseed oil, suggesting that the
crystallization mechanism of these three oils would
be the same. Focusing on the relationships between
the magnitude of each rate constant and the stor-
age temperature, the k,, k,, and k; values were
almost common for safflower, olive and rapeseed
oils. The temperature dependences of the &, and
ky values were both small, and the decrease in k)’
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with the decrease in storage temperature was similar
among the three oils. Because the k, value depends
largely on the oil type, it is expected to be a param-
eter which characterizes oil crystallization.

The fatty acids and TAG compositions of the oils
depend on their growing area and variety. However,
since their main components do not change greatly,
the results on the induction period and the rate con-
stants for crystallization obtained in this study may
be helpful in roughly predicting the crystallization
behaviors of safflower and olive oils. They would be
useful in developing efficient purification methods
for safflower and olive oils and in determining the
appropriate preservation conditions of foods which
contain these oils.

CONCLUSIONS

Changes in volume and transmitted light inten-
sity of safflower and olive oils were measured dur-
ing storage at -10, -12, -15, -17, and -20 °C and at
-5, -7, -10, -12, -15, and -17 °C, respectively. The
behaviors of volume and transmitted light intensity
with time for safflower oil gradually changed with
a decrease in storage temperature. On the contrary,
those for olive oil were entirely different above and
below -10 °C. It was suggested that the crystalliza-
tion behaviors of safflower and olive oils such as
changes in volume and transmitted light intensity
can differ depending on the occurrence of the tran-
sition. The transition would be affected by minor
components with high melting points. The volu-
metric changes in the safflower and olive oils with
time were analyzed based on a kinetic model pro-
posed in a previous study for rapeseed oil crystal-
lization. The kinetic model reasonably represented
the volumetric changes in the safflower and olive
oils, although the apparent behaviors were signifi-
cantly different. It is suggested that the crystal-
lization mechanism of vegetable oil is essentially
the same even though the crystallization behavior
appears to be different.
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