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Abstract Rheological transitions of peanut oils cooled
from 20 to 3 °C at 0.5 °C/min were monitored via small
strain oscillatory measurements at 0.1 Hz and 1 Pa. Oils
were from nine different cultivars of peanut, and three oils
were classified as high-oleic (approximately 80% oleic
acid). High-oleic oils maintained an overall liquid-like
character at 3 °C for 2 h. In contrast, several normal (non
high-oleic) peanut oils displayed a predominantly elastic
(solid-like) response after 2 h at 3 °C. Increases in visco-
elasticity were associated with lipid crystallization events
as confirmed by DSC. The higher (p < 0.001) liquid vis-
cosities and increased (p < 0.001) contents of oleic acid,
which has a more non-linear structure as compared to other
fatty acids typical in these oils, were hypothesized to
hinder crystallization in high-oleic oils. Changes in visco-
elasticity at 3 °C were greatest for three normal oils that
had the significantly (p < 0.001) highest content of C20:0
and/or C22:0 fatty acids, and these long, saturated hydro-
carbon chains are hypothesized to promote crystallization.
No peanut oil maintained clarity after 5.5h at 0 °C
(modified cold test used to screen salad oils); however,
these data as a whole suggest strategies for breeding
and/or processing peanut oils for enhanced resistance to
crystallization.

The use of trade names in this publication does not imply
endorsement by the United States Department of Agriculture:
Agricultural Research Service.

J. P. Davis () - T. H. Sanders

USDA-ARS, Market Quality and Handling Research Unit,
Department of Food Science, North Carolina State University,
Raleigh, NC 27695-7624, USA

e-mail: Jack.Davis@ars.usda.gov

Keywords Peanut - Peanut oil - Vegetable oil -
High-oleic - Rheology - Oil crystallization -
Differential scanning calorimetry - Viscoelasticity

Introduction

Rheology is the science of measuring and interpreting the
response of a material to a given stress (force input) or
strain (displacement), and this science is fundamentally
important for determining the quality of vegetable oils. The
most common rheological characterization of vegetable
oils has been the measurement of liquid oil viscosity [1-4].
Less studied from a rheological perspective is the transition
of liquid oil to a semisolid material at temperatures that
promote crystallization. During lipid crystallization, mol-
ecules that were formerly in the liquid state begin to adopt
a lower, more favorable energy state with less molecular
motion [5].

The rheological properties associated with vegetable oil
(and other lipids) crystallization and/or melting events are
relevant to numerous aspects of food science. For example,
winterization, which is the general process applied
to fractionate components from oils that crystallize near
refrigeration temperatures, is a direct function of oil
rheological properties that occur during crystallization.
Furthermore, numerous foods contain high contents of
vegetable oils, and these products are often processed and/
or stored at temperatures that promote lipid crystallization,
which may or may not be desirable depending on the
product [6]. Accordingly, the texture, flavor profile and
shelf life of these products, which include various dress-
ings, sauces, spreads, and margarines to name a few,
significantly depend on the rheological behavior of the
lipid phase [7, 8].
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Peanuts (Arachis hypogaea L.) are an important crop
with global production levels typically exceeding 20
million tons [9]. The edible seed contain roughly 40-50%
oil, and worldwide more than half of the crop is estimated
to be grown specifically for oil extraction [9]. Peanut oils
are used as frying and cooking oils, as well as in the
production of shortenings, margarines and mayonnaise
type foods [10]. A potential application of peanut oils is
that of a salad oil. By definition, salad oils must remain
clear after 5.5 h of immersion in an ice bath at 0 °C [11],
and peanut oils typically do not meet these criteria [10].
However, with the continued release of new peanut cul-
tivars, there may be variation in the manner in which
these oils transition from a liquid to a semisolid material
at refrigeration temperatures. If there is such variation, the
factors responsible for this variation could potentially be
exploited to ultimately breed and/or process peanut oils
which meet the definition of a salad oil. Furthermore,
information on low temperature peanut oil rheological
properties could aid in the breeding and/or processing of
these oils for biodiesel, a renewable diesel fuel substitute
in which low temperature crystallization is undesirable
[12]. Accordingly, the primary goal of this work was to
characterize the rheological properties of oils expressed
from various peanut cultivars at temperatures that induce
crystallization, and to investigate factors responsible for
observed rheological changes.

For the current work, small strain linear viscoelastic
rheological techniques were applied to monitor physical
transitions in these oils upon cooling to refrigeration
temperatures. Small strain rheological measurements sen-
sitively probe a material such that underlying structure is
minimally disrupted during testing [13]. This technique
allows one to continuously monitor changes in both the
viscous (liquid-like) and elastic (solid-like) character of a
material upon heating or cooling. Small strain rheology has
been applied to studying structured fats such as shortenings
and margarines [14], and extensively to emulsions [15-17],
but we are unaware of any publications in which this
technique is used to monitor structure formation in vege-
table oils cooled from the liquid state to sub-ambient
temperatures that promote crystallization.

Materials and Methods

Materials

Oils were expressed from nine different cultivars of peanut
and were previously screened for differences in liquid oil
viscosity and density [2]. The cultivars were AgraTech

201, Georgia-02C, Flavorunner-458, Georgia-01R, DP-1,
C-99R, AP-3, Georgia Green, C11-239, and these are

@ Springer m o

abbreviated as AT-201, GA-02C, FR-458, GA-01R, DP-1,
C-99R, AP-3, GA-Green, and CI11-239, respectively.
Commercially available soy bean oil (SBO) was purchased
at a local grocery store.

Rheological Analyses

A stress-controlled rheometer (StressTech, Rheologica
Instruments AB, Lund, Sweden) equipped with a CC25
geometry (cup and bob) was utilized to characterize peanut
oils under small-strain deformations. Oils were stored at
refrigeration temperature (4 + 2 °C) when not being tested
but were equilibrated at room temperature for a minimum
of 2 h prior to testing. The cup was 65.0 = 0.1 mm in
length with a diameter of 27.1 £ 0.1 mm. The bob had
a diameter of 25.0 £ 0.1 mm and a total length of
45 = 0.1 mm. Oils (14 mL) were added to the cup such
that they just covered the bob and were further equilibrated
in the instrument at 20 °C for 5 min. Samples were then
pre-sheared at 50 l/s for 30 s followed by a 1 min rest
period. Oils were cooled and heated between 20 and 4 °C
at 0.5 °C/min during constant oscillatory testing at a fre-
quency of 0.1 Hz. The electronic heating apparatus had a
maximum cooling rate of 20 °C/min with a precision of
0.1 °C/min. The stress used during small strain testing was
1.0 Pa, a value identified to be within the linear viscoelastic
region of stress response for all oils at room temperature at
0.1 Hz. All rheological measurements were independently
replicated a minimum of two times, with random samples
being replicated three to five times, with overlays of the
elastic modulus (G’) revealing not more than a 10% devi-
ation at any one time during these tests.

Detailed reviews of small strain rheology are readily
available [13, 18], as such only key concepts will be briefly
summarized. The rheometer used in this work was a stress-
controlled rheometer, meaning the stress input is set by the
user and the sample is then subjected to sinusoidal shear
oscillations at this stress and at a specified frequency. The
resulting strains experienced by the material during these
oscillations are detected by the rheometer. During the
measuring cycle, there is both an in-phase component
(elastic, notated as G') and a 90°-out-of-phase component
(viscous, notated as G”) in regards to the stress input for the
material. The phase angle () is the phase shift between the
input (stress) and output (strain) and is mathematically
defined as:

tand = G" /G

0 ranges from O (perfectly elastic substance) to 90° (per-
fectly viscous material). Accordingly, the value of G/,
G" and 0 (convey whether a material is behaving more
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liquid-like or solid-like at any specific time under a given
set of conditions.

For the first series of small strain rheological tests, oils
were cooled at 0.5 °C/min from 20 to 3 °C (approximate
refrigeration temperature), held for 2 h at 3 °C, and then
reheated to 20 °C at 0.5 °C/min. To facilitate data com-
parison, the nine oils were separated into three groups
based on liquid oil dynamic viscosity (u), from high to
medium to low [2]. At any temperature tested, from 10 to
100 °C, these relative groupings remained constant. These
grouping also separated the oils based on liquid oil density
(p), as there were good linear fits (R* 2 0.95) for plots of
i and p at any temperature tested [2]. Specifically, u
increased with decreasing p.

Differential Scanning Calorimetry

Crystallization and melting characteristics for the peanut
oils were measured with a DSC-7 equipped with an in-
tracooler II refrigeration unit (Perkin Elmer, Norwalk, CT,
USA). The DSC was calibrated with mercury (onset of
melting = -38.8 °C) and indium (onset of melting =
156.6 °C; heat of fusion = 28.45 J/g) and nitrogen was
used as a purge gas at 30 mL/min. For each sample, 2.5
(£0.2) mg of oil was loaded into a standard aluminum pan,
crimped with the manufacturer’s crimping tool, and accu-
rately weighed by difference. Samples were cooled from 20
to —50 °C at 10 °C/min and then held for 3 min at -50 °C
to equilibrate. Crystallization peaks were analyzed during
the cooling step. Samples were then reheated at a rate of
10 °C/min and melting peaks were analyzed. Samples were
run against an empty reference pan and peak temperatures

Fig. 1 Typical small strain GA-02C

were determined using Pyris software (v. 5.0). DSC figures
were compiled using Universal Analysis software (v.
4.2E). All DSC measurements were independently repli-
cated a minimum of three times.

Cold Test

The cold test was performed according to AOCS Cc 11-53
[11] with a slight modification, specifically, only 50 mL (as
opposed to >115 mL prescribed by the test) of oil were
used per test due to sample quantity limitations.

Statistical Analyses

Statistical Analysis Software vs.9.1 was used for analysis
of DSC data. Means were differentiated using PROC GLM
and the Tukey multiple adjustment (p < 0.05).

Results and Discussion
Small Strain Rheological Measurements

Small strain rheological data for the high-viscosity/low-
density oils, which were the three high-oleic samples, are
summarized in Fig. 1. G’ and G” increased slightly as the
samples were cooled and subsequently held at 3 °C, with
these changes being greater in GA-02C and AT-201
compared to FR-458 (Fig. 1). However, all high-oleic oils
had an overall liquid-like character across this test, as G’
did not increase to values near G”, nor did ¢ decrease much

FR-458

rheological data (0.1 Hz and

1 Pa) for the three high-oleic
oils. Samples were cooled from
20to ~3 °Cat 0.5 °C/min, held
for ~2 h at 3 °C, and
subsequently reheated at 0.5 °C/
min to 20 °C. Symbols appear
on the graphs
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below 90 °C. The structure that occurred during the cool-
ing of these oils was lost upon reheating to 20 °C, as G', G”
and ¢ returned to values observed before cooling (Fig. 1).
This loss of structure upon reheating samples was observed
in all peanut oils (Figs. 1-3).

Small strain rheological data for the medium-viscosity/
medium-density oils (Fig. 2) were notably different from
the high-oleic oils (Fig. 1). GA-O1R transitioned from a
viscous liquid to a primarily solid-like structure during the
cooling and subsequent hold period at 3 °C (Fig. 2), as
indicated by the crossover of G” by G’. G’ was greater than
G" by approximately an order of magnitude across the
isothermal portion of the curve for GA-O1R, and these
parameters did not fluctuate, indicating this structure was
stable under these testing conditions and times. These data
are reflected in J, which decreased from approximately
90°, indicative of a true liquid, to approximately 10°,
indicative of a primarily solid-like material. Viscoelasticity
of the other medium-viscosity/medium-density oils, DP-1
and C-99R, did not increase as much as GA-01R across the
test (Fig. 2); however, there was considerable cold-induced
structure formation within these samples compared to the
high-oleic oils (Fig. 1). A more abrupt increase occurred in
the elasticity of DP-1 compared to C-99R upon cooling to
3 °C as indicated by changes in J (Fig. 2). However, DP-1
maintained an overall liquid-like character across this test,
as 0 was not below 65° at any time. Changes in visco-
elasticity within C-99R occurred more slowly than in DP-1,
yet C-99R was considerably more elastic (lower J) than
DP-1 upon completion of the isothermal portion of this test
(Fig. 2).

Fig. 2 Typical small strain

Small strain rheological data for the three low-viscosity/
high-density oils (Fig. 3) had an intermediate behavior
between oils in Figs. 1 and 2. Unlike oils in Fig. 2, no oil in
Fig. 3 transitioned from a viscous liquid to a primarily
solid-like structure during cooling and subsequent hold
period at 3 °C. AP-3 was more similar to oils in Fig. 1.

Differences in small strain rheological data among these
oils at sub-ambient temperatures are attributed to differing
crystallization behaviors. Crystallization encompasses a
series of events, beginning with the formation of crystal
nuclei which increase in size, and depending on the con-
ditions, will continue to enlarge, eventually leading to a
continuous network throughout the oil [5, 6]. Elasticity
within crystallized lipid systems is attributed to a range of
factors, including the amount of solid fat present, the type
of crystals being formed, and interactions among the var-
ious crystalline structures [19]. TAG’s comprise >95% of
the total mass for fresh peanut oil [9], a value that is rea-
sonable for most common vegetable oils. TAG’s are in turn
composed of various fatty acids esterified to a glycerol
backbone. Naturally, TAG’s within vegetable oils are
limited to a fairly homologous series, ultimately allowing
for extrapolations between oil physical phenomena and
fatty acid content and chemistry [20]. Oleic acid accounts
for greater than 50% of the fatty acids present in these oils,
meaning the chemistry of this molecule significantly
influences oil physical properties. Changes in viscoelas-
ticity were minimal for the high-oleic oils compared to
other samples (Figs. 1-3), indicating either a decreased
degree of crystallization within these samples, or the
formation of crystals that were not detectable by the

DP-1 C-99R

rheological data (0.1 Hz and

1 Pa) for the three medium-
viscosity/-density oils. Samples
were cooled from 20 to ~3 °C
at 0.5 °C/min, held for ~2 h at
3 °C, and subsequently reheated
at 0.5 °C/min to 20 °C.
Symbols appear on the graphs
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Fig. 3 Typical small strain AP-3
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rheometer. The structure of oleic acid [21], which is more
nonlinear and expanded than saturated fatty acids of similar
length and/or linoleic acid (second most prevalent fatty
acid in these oils), is hypothesized to hinder crystallization.
Work with model TAG’s indicated that crystallization of
TAG’s containing unsaturated fatty acids, such as oleic
acid, is less efficient than crystallization of fully saturated
TAG’s [6]. This observation is attributed to steric hin-
drance effects associated with the nonlinear structure of
oleic acid.

When in the liquid state, high-oleic oils had the highest
dynamic (and kinematic) viscosities of all oils tested, and
differences in viscosity increased as the temperature
decreased [2]. Viscosity of the continuous phase (liquid oil
in this case) is established to affect crystallization rates,
with higher viscosities reducing the rate of crystallization
due to mass transfer considerations [5]. Accordingly, the
increased liquid viscosity of the high-oleic oils is also
hypothesized to limit the crystallization rate, which in turn
limits structure formation within these oils as detected by
the current small strain rheological method.

Vegetable oils do not crystallize at a specific tempera-
ture, as they contain numerous components, and each of
these individual components will in turn crystallize or melt
at a specific temperature [22]. Accordingly, the gradual
transition in viscoelasticity generally observed for the
medium-viscosity (Fig. 2) and low-viscosity oils (Fig. 3)
is attributed to the procession of crystallization events
occurring within these samples. Furthermore, the specific
rheological response of each oil is hypothesized to be a
function of the specific chemical and structural properties
of the TAG’s within that oil, and hence the chemical and
structural properties of the fatty acids making up the oils.

Time (min.) Time (min.)

The rheological response of GA-0O1R was unique where it
was the only oil tested that transitioned into a semisolid
material that was predominantly elastic (Figs. 1-3). This
observation accounts for earlier dynamic viscosity data, in
which viscosity measurements were begun at 100 °C and
subsequent measurements were made as the temperature
was decreased in 5 °C increments [2]. Stable measure-
ments of u were obtained down to the lowest temperature
tested, 5 °C, for all oils excluding GA-O1R [2]. It therefore
seems crystallization was progressing rapidly enough
within GA-O1R at 5 °C (as seen in the small strain data)
such that a stable measurement was not possible within the
viscometer. This oil had the highest (p < 0.001) concen-
tration of C20:0 and C22:0, with the C22:0 species
accounting for approximately 5% of the total fatty acids
present [2]. These long chain saturated fatty acids are
hypothesized to readily react in crystallization events, as
they efficiently pack with adjacent molecules allowing for
maximum van der Waal’s attractions [6, 20].

Thermal Behavior

DSC is a more traditional method of measuring oil crys-
tallization/melting events as compared to small strain
rheological analyses. DSC involves the measurement of
latent heat changes associated with either crystallization
(exothermic) or melting (endothermic) events for a given
material. DSC data (cooling portion only) for these oils
cooled at 10 °C/min indicated differences between high-
oleic peanut oils and normal (non high-oleic) peanut oils
(Fig. 4). Two exothermic peaks were present in the high-
oleic oils, with the second, more prominent peak occurring
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at lower temperatures, whereas only one peak was observed
in the normal peanut oils (Fig. 4). The shape and occurrence
of the two peaks observed in high-oleic peanut oils is in
good agreement for DSC data (thermogram) collected by
Adhvaryu et al. for high-oleic vegetable oils (no peanut)
cooled at 10 °C/min [22]. However, Adhvaryu et al. were
able to distinguish two exothermic peaks for normal vege-
table oils as well. The first peak, which was designated the
wax appearance peak, was observed from —10 to -30 °C,
and a second peak was observed from —35 to —50 °C [22].
The wax appearance temperature is the point at which
microcrystals begin to form in the sample whereas the
second peak is the point at which the sample transitions to a
more complete solid like material [22]. Thermograms were
collected for SBO to better compare the current DSC
method with that of Adharyu et al., as these authors pre-
sented data for SBO. Only one peak was detectable for the
current SBO, and the average onset for this peak was
—14.5 °C (data not shown), which is in general agreement
with the temperature of —13.2 °C determined for the onset
of the wax appearance peak of SBO by Adharyu et al.
Accordingly, the first peak detected in the high-oleic peanut
oils, and the only peak detected in the normal peanut oils,
was designated the wax appearance peak in the current data.
The actual peak temperature as opposed to the peak onset
was collected for statistical analysis, as this temperature
was better defined in the current data.

Wax appearance temperature (7y,.,) data is summa-
rized in Table 1. GA-O1R, DP-1 and C11-239 had the
highest (p < 0.05) Tyax of all oils, in agreement with
small strain rheological data in which viscoelasticity for
these oils increased more rapidly upon cooling than in
other oils tested (Figs. 1-3). Collectively, these oils had
either the highest contents, or they were statistically
grouped (p < 0.05) with oils having the highest contents

GA-Green
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Fig. 4 Typical DSC data (cooling only) for peanut oils. Oils were
cooled from 20 °C to =50 °C at 10 °C/min, held for 3 min at -50 °C,
and then reheated to 20 °C at 10 °C/min
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Table 1 Wax appearance temperature (7y,,) and melting tempera-
ture (7,,) of peanut oils

Cultivar Toax (°C)? T, (°C)°
AT-201 -5.19¢ —6.62 a
GA-02C -3.69 d —6.80 a
FR-458 673 f 751 ab
GA-0IR 022 a 994 bc
DP-1 ~-0.98 b -12.53 ¢,d
C-99R 277 c¢d -13.58 de
AP-3 254¢ -13.73 d,e
GA-Green -3.30 c,d -1491 d.e
C11-239 -0.74 ab -16.17 ¢

The same letter within a column indicates no difference (p < 0.05)
among means

4 Wax appearance temperature was determined as the peak tempera-
ture for the first observable peak in all oils upon cooling at 10 °C/min

° Melting temperature was determined as the peak temperature of the
primary endothermic transition upon heating the oils at 10 °C/min

of both C20:0 and C22:0, which provides further evidence
that these long chain saturated fatty acids promote effi-
cient crystallization. In further support of this hypothesis,
a good linear correlation (R? = 0.87) was observed in the
plot of Ty.x versus the total percentage of saturated fatty
acids, with increasing levels of saturation associated with
a higher Ty, (Fig. 5). The three high-oleic oils had the
lowest (p < 0.05) Tyax, although GA-02C did statistically
group with a normal peanut oil (Table 1, Fig. 5). These
DSC data agree with small strain rheological data in
which structure formation for the high-oleic oils was
minimal upon sub-ambient cooling, which is due to the
relative lack of crystallization in these samples. To better
quantify the relationship between the rheological data
(Figs. 1-3) and the thermal crystallization data (Table 1),

2
0 +
—_ -2 4
(8]
o
=
] 4 O GA-02C
= O AT-201
O FR-458
¢ GA-01R
6 = DP-1
A C99R
[ ® AP3
v C11-2-39
8 A GaGreen
12 14 16 18 20 22

% Saturated Fatty Acids

Fig. 5 Wax appearance temperature (7Ty.x) as a function of %
saturated fatty acids. Straight line is best linear fit to data. Values are
means, error bars are standard deviations
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Twax Was plotted versus the log of G’ at 90 min (Fig. 6).
Note that 90 min was selected at random within the
isothermal portion of the rheological tests utilized for
Figs. 1-3. A positive linear correlation (R? = 0.76) was
observed, meaning oils that crystallized more rapidly as
determined by the DSC, i.e., higher Ty,.x values, typically
had an increased elastic component as determined by
rheological measurements.

Emulsifiers are well established to affect crystallization
of lipid-based samples [23]. As the current peanut oils were
unrefined, natural emulsifiers such as phospholipids and
monoglycerides are expected to be present in these sam-
ples. No attempt was made to quantify these fractions,
meaning variation in these fractions among the oils is a
likely source of variation for both rheological and DSC
measurements of crystallization.

Samples were cooled at 10 °C/min, equilibrated for
3 min, and then reheated at 10 °C/min and the heating
portions of these thermograms are presented in Fig. 7. A
single, broad endothermic peak was observed for all oils,
with the peak being broader for the normal peanut oils
compared to the high-oleic oils (Fig. 7). The sharpness of
DSC peaks is a function of sample purity and as mentioned
previously, vegetable oils are composed of numerous
components, meaning these oils do not have a specific
crystallization and/or melting temperature [22]. Shoulders
in the endothermic peaks for the normal peanut oils clearly
suggest multiple components are melting at temperatures
that overlap, and an early, minor peak that could be con-
sidered independent of the primary peak was observed for
two oils, C11-239 and GA-Green (Fig. 7). The increased
sharpness of the high-oleic samples reflects the increased
purity of these samples (~80% oleic acid) compared to
normal peanut oils [2].

Twax(°C)

2_
R®=076 GA-02C

AT-201
FR-458
GA-01R
DP-1
C99R
AP-3
C11-239
GA-Green
T

()]
!
>ba4O>EO®OO O

-8 T T T T T T
0.0001 0.001 0.01 0.1 1 10 100 1000

G' - 90 min (Pa)

10000

Fig. 6 Wax appearance temperature (Ty.c) versus G’ at 90 min.
Straight line is best linear fit to data. Values are means, error bars are
standard deviations

A primary endothermic melting event was evident in
all oils and temperature data was collected at this peak
for statistical comparison (Table 1). This peak melting
temperature (7,,) occurred at a higher (p < 0.05) tem-
peratures for the high-oleic samples, suggesting increased
interactions between molecules in these samples in the
solid state. A plot of Ty, versus p at 10 °C indicated a
good linear fit (R? = 0.95), with the higher viscosity oils
melting at higher temperatures (Fig. 8). Dynamic viscos-
ity data at 10 °C was selected as this was lowest
temperature tested in which a stable viscosity measure-
ment was possible for all samples [2]. The viscosity of
the liquid oil may be responsible for this correlation;
however, the underlying chemistry of these oils may be
responsible for both the viscosity and melting character-
istics of these oils. Good linear correlations were
observed in plots of either dynamic viscosity and/or
density versus oleic acid content, linoleic acid content, or
palmitic acid content for the various oils [2]. Similarly,
good linear fits (R* > 0.85, all plots) are also observed
among T, and these fatty acid contents as well (data not
shown).

Rheological Measurements: 12 h

It was empirically observed that all peanut oils, including
the high oleic samples, when left at refrigeration temper-
ature (4 + 2 °C) for multiple days would thicken such that
pouring of the oils was impractical until sufficient equili-
bration at room temperature. Accordingly, rheological
measurements at 3 °C were extended to longer times (12 h)
to observe further transitions in select samples (Fig. 9).
Both AP-3 and GA-Green transitioned to primarily elastic

16
— ~ g
14] G
———— e SN COR Th—
. S D Y
&) . [ S
= 12 —— s \~\ pDP-1 7T ————
z R TS eAoR T
c 4+ T N
= 10 / N TN
© 7 ——— FR-458 / \
o} —_—r N
= AT-201 e
——— P :
Exo g | - K'\»‘.H‘;
1 GA-02C
6 - - - : T T
-50 -40 -30 -20 -10 0 10 20

Temperature (°C)
Fig. 7 Typical DSC data (heating only) for oils heated. Oils were

cooled from 20 to =50 °C at 10 °C/min, held for 3 min at =50 °C, and
then reheated to 20 °C at 10 °C/min
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Fig. 8 Endothermic melting peak temperature (7,,) versus dynamic
viscosity at 10 °C. For DSC data, oils were cooled at 10 °C/min, held
for 3 min at —50 °C, and then reheated at 10 °C/min. Values are
means, error bars are standard deviations

structures across the extended isothermal portion of this
test (Fig. 9), as opposed to partially elastic structures at
the end of the 2 h portion of the initial rheological
tests (Fig. 3). This reflects the relatively slow nature of
crystallization within these oil samples at this particular
temperature (3 °C). Viscoelastic changes were slower for
AP-3 compared to GA-Green, but by the end of 12 h time
at 3 °C, viscoelasticity of the two oils were similar. The
representative high-oleic oil, FR-458, maintained an over-
all liquid-like character across the extended isothermal test
at 3 °C for 12 h (Fig. 9). Clearly, more than 12 h at 3 °C is
required for FR-458 to transition into a solid-like structure;
however, for logistical purposes this was not possible
within the rheometer.

Fig. 9 Typical small strain
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Comparison of Fig. 9 with Figs. 1 and 3 emphasize the
importance that crystallization kinetics played during
rheological data acquisition. As seen in Fig. 3, the elas-
ticity of GA-Green transitioned more rapidly than that
of AP-3 upon equivalent cooling periods; however, when
the cooling period was extended to ~12 h (Fig. 9) the
overall elasticity of the two oils was more similar,
meaning each sample was approaching an equilibrium
state under these cooling conditions. Clearly, cooling rates
and length of data acquisition in the rheometer will
influence rheological measurements. Note that for rheo-
logical measurements, the cooling and heating rates for
these tests were 0.5 °C/min, whereas in the DSC, the
cooling rate was 10 °C/min. The reason for this discrep-
ancy was that the sensitivity of DSC measurements is a
function of the cooling rate, with increased sensitivity
realized upon more rapid cooling rates. Accordingly, the
10 °C/min cooling rate was necessary for the desired
sensitivity during DSC measurements.

No peanut oil passed the modified cold test for salad
oils, which specifies an oil should maintain perfect clarity
when held for 5.5 h in an ice bath to be considered a salad
oil [11]. The lowest viscoelasticity of all oils at 3 °C was
that of FR-458 (Figs. 1-3), which was the lowest temper-
ature tested in the rheometer for logistical reasons.
Comparison of the modified cold test data with rheological
data for FR-458 suggests the lower temperature (0 °C) of
the modified cold test induces more crystallization than
observed at 3 °C for 12 h during rheological testing
(Fig. 9). This data does suggest that a peanut line bred to
have an even lower content of saturated, and especially
long chain saturated fatty acids, could potentially pass the
modified cold test and serve as a salad oil.

AP-3 GA-Green

rheological data (0.1 Hz and

1 Pa) for samples cooled from
20 to ~3 °C at 0.5 °C/min and
then held for 12 h at 3 °C.
Symbols appear on the graphs

1000

k20
18
- 16
14
12
10
-8
)
4

G

Temperature (°C)

temp |

phase angle (degrees)

0 T T T

200 400 600

Time (min.)

@ Springer m o

T

800

200 400 600 800 0 200 400 600 800

Time (min.) Time (min.)



J Am Oil Chem Soc (2007) 84:979-987

987

Acknowledgments

Wilson Faircloth supplied the peanut oil.

Sharon Ramsey assisted with rheological measurements. Penny
Amato assisted with DSC measurements. Bill Novitzky and Tom
Isleib provided critical assessment of the data.

References

10.

11.

. Boyaci IH, Tekin A, Cizmeci M, Javidipour I (2002) Viscosity

estimation of vegetable oils based on their fatty acid composition.
J Food Lipids 9:175-183

. Davis JP, Dean LO, Faircloth WH, Sanders TH, Physical and

chemical characterizations of normal and high-oleic oils from
nine commercial cultivars of peanut. J Am Oil Chem Soc (in
review)

. Noureddini H, Teoh BC, Clements LD (1992) Viscosities of

vegetable-oils and fatty-acids. J Am Oil Chem Soc 69:1189-1191

. Rodenbush CM, Hsieh FH, Viswanath DS (1999) Density and

viscosity of vegetable oils. J Am Oil Chem Soc 76:1415-1419

. Marangoni AG (2005) Crystallization kinetics. In: Marangoni AG

(eds) Fat Crystal networks. Marcel Dekker, New York, pp 21-82

. Himawan C, Starov VM, Stapley AGF (2006) Thermodynamic

and kinetic aspects of fat crystallization. Adv Colloid Interface
Sci 122:3-33

. Blaurock AE (1999) Fundamental understanding of the crystal-

lization of oils and fats. In: Widlak N (eds) Physical properties of
fats, oils, and emulsifiers. AOCS, Champaign, pp 1-32

. Hartel RW (2001) Crystallization in foods. Aspen Publishers,

Inc., Gaithersburg

. Sanders TH (2002) Groundnut (peanut) oil. In: Gunstone FD

(eds) Vegetable oils in food technology: composition, properties
and uses. CRC, Boca Raton, pp 231-243

Young C (1996) Peanut oil. In: Hui YH (eds) Edible oil and fat
products: oils and oilseeds. Wiley, New York, pp 377-392
AOCS Cc 11-53 (2004) Cold test. In: Official methods and
recommended practices of the AOCS, edited by American Oil
Chemists’ Society, Champaign

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Dunn RO (2002) Low-temperature flow properties of vegetable
oil/cosolvent blend diesel fuels. J Am Oil Chem Soc 79:709-715
Daubert CR, Foegeding EA (1998) Rheological principles for
food analysis. In: Nielsen SS (eds) Chemical analysis of foods.
Jones and Bartlett, Boston

Marangoni AG (2005) Dynamic methods. In: Marangoni AG
(eds) Fat crystal networks. Marcel Dekker, New York, pp 161-
177

Gallegos C, Franco JM (1999) Rheology of food, cosmetics and
pharmaceuticals. Curr Opin Colloid Interface Sci 4:288-293
Rosa P, Sala G, Van Vliet T, Van De Velde F (2006) Cold
gelation of whey protein emulsions. J Texture Stud 37:516-537
Tadros T (2004) Application of rheology for assessment and
prediction of the long-term physical stability of emulsions. Adv
Colloid Interface Sci 108-109:227-258

Steffe JF (1996) Rheological methods in food process engineer-
ing, 2nd edn. Freeman, East Lansing

Marangoni AG, Rousseau D (1999) Plastic fat rheology is gov-
erned by the fractal nature of the fat crystal network. In: Widlak
N (eds) Physical properties of fats, oils, and emulsifiers. AOCS,
Champaign, pp 96-111

deMan JM (1999) Relationship among chemical, physical, and
textural properties of fats. In: Widlak N (eds) Physical properties
of fats, oils, and emulsifiers. AOCS, Champaign, pp 79-95

Oda M, Ueno T, Kasai N, Takahashi H, Yoshida H, Sugawara F,
Sakaguchi K, Hayashi H, Mizushina Y (2002) Inhibition of
telomerase by linear-chain fatty acids: a structural analysis.
Biochem J 367:329-334

Adhvaryu A, Erhan SZ, Perez JM (2003) Wax appearance tem-
peratures of vegetable oils determined by differential scanning
calorimetry: effect of triacylglycerol structure and its modifica-
tion. Thermochim Acta 395:191-200

Katsuragi T (1999) Interactions between surfactants and fats. In:
Widlak N (eds) Physical properties of fats, oils, and emulsifiers.
AOCS, Champaign, pp 211-219

@ Springer m o



	Liquid to Semisolid Rheological Transitions of Normal �and High-oleic Peanut Oils upon Cooling to Refrigeration Temperatures
	Abstract
	Introduction
	Materials and Methods
	Materials
	Rheological Analyses
	Differential Scanning Calorimetry
	Cold Test
	Statistical Analyses

	Results and Discussion
	Small Strain Rheological Measurements
	Thermal Behavior
	Rheological Measurements: 12 h

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


