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Abstract Sapucaia (Lecythis pisonis) is a tree that grows
in Colombia, Venezuela and the Guyanas and is widely
distributed in Brazil. This work presents a study of sapu-
caia nut oils (SO) that were obtained by Bligh and Dyer
(LP1) and Soxhlet (LP2) methods and were evaluated for
their fatty acid composition, rheological and thermal
properties, total phenolic compounds (TPC), antioxidant
properties and oxidative stability using Rancimat and
ATR-FTIR spectroscopy. The analyses showed that the
method of extraction impacts the fatty acid profiles of SO.
Oil extracts present considerable TPC content and antiox-
idant properties. Thermal analysis revealed three degrada-
tion steps for SO in the air atmosphere, starting at around
130 °C, being thermally stable up to 300 °C (witha ~ 5%
mass loss) and reaching total degradation near 620 °C.
Thermal analysis under N, produced two degradation
steps, initiating at around 130 °C and finishing at 500 °C.
Rancimat also confirmed the high thermal stability of SO,
with induction periods of 13.28 h (LP1) and 7.18 h (LP2).
The DSC parameters of SO were similar among each other.
Crystallization (— 8.04 to — 73.93 °C) and melting
(— 31.34 to 8.28 °C) phases occurred over a large tem-
perature range. SO presented FTIR spectral features with

< Gerson Lopes Teixeira
gerson775@gmail.com

Graduation Program of Food Engineering, Polytechnic
Center, Federal University of Parana, Jardim das Américas,
P.O. Box 19011, 81531-990 Curitiba, Parana, Brazil

Department of Biochemistry and Molecular Biology,
Polytechnic Center, Federal University of Parana, Jardim das
Américas, 81531-980 Curitiba, Brazil

Parana Institute of Technology, Jodo Américo St,
500 Curitiba, Brazil

characteristic bands for vegetable oils. Ostwald—de Waele
and Herschel-Bulkley rheological models indicated major
pseudoplastic behavior for SO, with a predominant viscous
component. These results reinforce that SO are appropriate
for human consumption and open up new possibilities for
their industrial exploitation, such as for food and the cos-
metic, pharmaceutical and biodiesel industries.
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Abbreviations

SO Sapucaia nut oil (s)

LP1 Oil extracted by Bligh and Dyer

LP2 Oil extracted by Soxhlet

TPC Total phenolic compounds

Trolox 6-Hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid

TPTZ 2,4,6-Tri(2-pyridyl)-s-triazine

DPPH 1,1-Diphenyl-2-picrylhydrazyl

ABTS 2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)

FRAP Ferric reducing antioxidant power

TE Trolox equivalent

GA Gallic acid

GAE Gallic acid equivalents

OSI Oxidative stability index

1P Induction period

ATR-FTIR Attenuated total reflectance Fourier

transform infrared spectroscopy
FA Fatty acid

SFA Saturated fatty acid

UFA Unsaturated fatty acid
MUFA Monounsaturated fatty acid
PUFA Polyunsaturated fatty acid
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TAG Triacylglycerol
SFEC Solid fat content
ow Ostwald—de Waele
HB Herschel-Bulkley
Introduction

The search for new crops to provide vegetable oils for use in
industry and for human consumption has been increasing over
the past two decades. A search on the Web of Science™
platform produces more than 19,200 results related to “nuts,”
more than 7600 documents are related to “edible oils,” and
more than 22,000 results are associated with “vegetable oil.”
The published items regarding vegetable oil increased from
282 in 1996 to more than 1930 in 2016, illustrating the growing
interest of the scientific community in this field of study [1].

Several types of Brazilian seed and nut, especially from
the Amazonian area, have been studied during recent years,
and most species were shown to present bioactive com-
pounds and potential as functional foods [2-7]. Other
species are not well known or have not been submitted to
any further study to elucidate their characteristics.

Lecythis pisonis Camb., a Lecythidaceae tree that grows
in Brazil, Colombia, Venezuela and the Guyanas, com-
monly known as “sapucaia,” produces nuts that are similar
to Brazil nuts (Bertholletia excelsa). The edible kernels of
sapucaia have a characteristic sweet flavor and are con-
sidered more digestible than Brazil nuts [8]. In addition to
the economic and ecological importance of sapucaia,
which is often used to shade cocoa plantations in Brazilian
agroforestry systems [9], the nuts from L. pisonis are a
valuable source of macro- and micronutrients, essential
amino acids, minerals such as P, K, S, Mg, Ca, Mn, Ba, Zn,
Fe, Sr, Cu, B, Al and CI [3, 10] and fibers [11]. The
proximate composition of sapucaia nuts is presented in
Table 1, which shows different compositions according to
different authors; the content of protein can vary from 18 to
26%, while carbohydrates range from 5 to 11%. Further-
more, lipids constitute 51-64% of the composition of
sapucaia nuts [5, 8, 10, 11], and of these, linoleic acid (an
essential fatty acid) is predominant. Although sapucaia
could potentially be a crop to provide raw material for the
production of vegetable oil, the studies that have been
conducted on these nuts have mostly focused on their
mineral and fatty acid profiles [3, 5, 10, 12, 13] and the
latest reports are limited to agronomic, microbial and
pharmacological aspects [9, 14-17].

Vegetable oils are widely utilized in the food, cosmetic,
pharmaceutical and biofuel industries. Consequently, sta-
bility tests, rheological assays and phase transitions should
be conducted in order to optimize processing conditions
and energy inputs [18, 19]. No reference has been found
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regarding the total phenolic compounds, antioxidant
activity or thermal and rheological characterization of
sapucaia nut oil. Therefore, the aim of this work was to
extract sapucaia nut oils using the Soxhlet and Bligh and
Dyer methods and to evaluate the oils for their fatty acid
composition, rheological behavior and thermal properties
using differential scanning calorimetry (DSC) and ther-
mogravimetry (TG) analysis, total phenolic compounds
(TPC), antioxidant properties and oxidative stability using
Rancimat and attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR).

Materials and methods
Chemicals

Folin—Ciocalteau reagent, Trolox (6-hydroxy-2,5,7,8-tetram-
ethylchroman-2-carboxylic acid), TPTZ (2,4,6-tri(2-pyridyl)-
s-triazine), DPPH (1,1-diphenyl-2-picrylhydrazyl), ABTS
(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)), gallic
acid (GA, > 98.0%) were purchased from Sigma-Aldrich (St.
Louis, Mo, USA). Other reagents used in the experiments were
of analytical grade. The aqueous solutions were prepared using
ultrapure water.

Samples

Sapucaia (Lecythis pisonis) nuts were harvested in the
season of August 2016, from a crop area located in the city
of Araguand, Maranhdo State, Brazil. The nuts (Fig. 1)
were dried in an air-circulating oven (40 °C for 24 h). Nut
shells were removed manually using a stainless-steel knife
and then freeze-dried (Liotop L101, Liobras, Brazil).
Residual moisture in the samples was 4.07 £ 0.90%. Prior
to oil extraction, the nut samples were crushed for 30 s
with the aid of a stainless-steel knife grinder (MA630/1,
Marconi Ltda., Brazil).

Table 1 Proximate composition of Lecythis pisonis nuts according to
different authors

Characteristic a' b c”
Moisture/% 32 +0.16 10.20 £ 0.68 4.95
Ash/% 3.1+0.25 3.17 £ 0.50 391
Lipids/% 64.0 £ 235 54.80 £ 4.15 63.03
Protein/% 18.5 £ 0.97 26.82 + 2.60 19.86
Total fiber/% 7.0 £ 0.77 - -
Total carbohydrates 11.1 £ 2.13 5.01° 8.28

a = Carvalho et al. [11]; b = Carvalho et al. [12]; ¢ = Vallilo et al.
[10]

“Result expressed as the average + standard deviation (SD)
“No SD
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Fig. 1 Sapucaia (Lecythis pisonis) nuts and oils

Extraction of nut oils

The oil content of L. pisonis nut samples was extracted
using the Bligh and Dyer method described in the Ameri-
can Oil Chemists’ Society (AOCS) Official Method Ba
3-38 and also using n-hexane with the Soxhlet apparatus
(Vidrolabor®, Labor Quimi, Brazil) [20]. The oils were
named LP1 and LP2, respectively. After the oil extraction,
solvents were removed at 43 °C under reduced pressure
using a rotary evaporator (Model 801, Fisatom Ltda.,
Brazil). Samples were dried at 45 °C in an air-circulating
oven (Solab, Brazil) for 2 h and then flushed with gaseous
N, before storage. Samples yielded 49.50 &+ 0.50% (LP1)
and 55.20 4+ 0.10% (LP2) of oil. The oils were kept in
amber glasses and stored at — 10 °C until further analysis.

Analytical determinations
Water content and apparent pH

Water content was measured by volumetric Karl Fischer
titration using a titration system (V30 Mettler-Toledo,
Switzerland) [21]. The pH was determined according to the
method of Pena Muniz et al. [22], as recommended by the
Brazilian National Agency for Sanitary Surveillance,
without previous dilution of the oil, with the aid of a digital
pH meter (Model PG1800 Gehaka) at 25 4+ 2 °C. The
results represent the mean of three measurements.

Fatty acid composition

The fatty acid composition of fresh L. pisonis oils was
investigated using the AOCS Official Method Ce la-13
[20] with a GC-MS system (GC-2010) coupled to a mass
spectrometer (GCMS-TQ8030) and automatic injection
system by headspace (Shimadzu, Japan). Oil samples sol-
ubilized with hexane were methylated as described by

AOCS Ce 2-66 and then injected into a capillary HP88
column (60 m x 0.250 mm i.d., 0.2 um film thickness,
Agilent Technologies) using helium as the carrier gas
(0.64 mL min~"). The oven temperature was programmed
to be 175 °C (isothermal), and the detector was held at
250 °C. A 1pL aliquot of the sample was injected using the
split injection mode (1:100). Fatty acid composition was
expressed as the percentage of the total peak area of all the
fatty acids in the oil sample.

Rheological characterization

Rheological measurements of oils were taken according to
Teixeira et al. [19], by using a Haake Mars II (Thermo
Electron GmbH, Germany) rheometer with a sensor cone
plate (C60/2°Ti L; 60 mm diameter, 2° cone angle). The
calculated measurements were: (a) flow curve
(y = 0.01-500 s71, =300 s); (b) dynamic stress sweep
(t = 0.01-100 Pa, w =1 Hz) and subsequent dynamic
frequency sweep (w = 0.1-100 Hz, 7 = 1.0 Pa); (c) tem-
perature sweep (T = 10-60 °C, 2 °C min~! and 60-10 °C,
5°Cmin"!; w=1Hz, t1=1.0 Pa). The samples were
covered with a sample hood in order to avoid interference
from the ambient temperature.

The coefficient of determination (R2) and Chi-square
(;(2) was chosen to evaluate the fit of the Ostwald—de Waele
(Eq. 1) and Herschel-Bulkley (Eq. 2) models to the
experimentally obtained flow curves:

T = Ky"—Ostwald-de Waele (OW) (1)
t = ton + Ku(7)"H—Herschel-Bulkley (HB) (2)

where 1 is the shear stress (Pa), 7y is the shear rate (s_l), ToH
is the HB yield stress (Pa), K and Ky are the consistency
indices (Pa-s") and n and nyg are the flow behavior indices
(dimensionless).

The effect of temperature on apparent viscosity was
evaluated according to an Arrhenius-type equation (Eq. 3),
using a shear rate of 53.4 s~ .

1 = 1Noexp <%> 3)

where n is the apparent viscosity at a specific shear rate, 1,
is the pre-exponential factor, E, is the activation energy
d mol_l), R is the gas constant (8.31 J K™! mol_l) and T
is the absolute temperature (K).

Oxidative stability index
The oxidative stability index (OSI), also called induction
period (IP), was estimated in a Metrohm Rancimat model

743 (Herisau, Switzerland), following the AOCS Official
Method Cd 12b-92 [20]. Briefly, increasing water
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conductivities were continually measured, while air
(20 L h™") was bubbled into the oil (3 %+ 0.1 g), which was
heated to 110 °C, and the volatile compounds were col-
lected in water. The time taken to reach the conductivity
inflection point was recorded. The IP was registered by
Rancimat 743 PC Software 1.1.

Infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) analysis
was performed using a Vertex-70 spectrometer (Bruker,
USA) with an attenuated total reflectance (ATR) accessory,
at 25 °C. The oil samples were placed uniformly in the
ATR crystal (1.5 mm active area). The FTIR spectra were
recorded in the wave number range of 4000-600 cm™'

with a spectral resolution of 4 cm™".

TG/TGA thermal decomposition

TGA analyses were performed with TGA 4000 equipment
(PerkinElmer Inc. Waltham, USA). An oil sample
(~ 10 mg) was placed into the platinum pan and then into
a furnace. The sample was heated from 30 to 750 °C
(10 °C min™ ") in the air atmosphere (70 mL min~! flow
rate) or under a nitrogen atmosphere. Data on the mass
changes of oil samples were obtained using Pyris™ soft-
ware. TG and derivative thermogravimetric (DTG) curves
were further analyzed using Origin 8.6 software (Orig-
inLab, Massachusetts, USA). The thermal stability was
measured from the extrapolated onset temperature of the
first step of thermal decomposition from the respective TG
curves. The beginning and the peak temperature of the
respective DTG peaks were used as the temperature limits
for the data analysis software of the instrument.

DSC analysis

For DSC analysis, a DSC 8500 (PerkinElmer Inc. Wal-
tham, USA) was used. Nitrogen (99.99% purity, White
Martins, Brazil) was the purge gas (20 mL min~"'). The
DSC instrument was previously calibrated with indium
(m.p. 156.6 °C, AH =2845J g™ "). The sample was
weighed into an aluminum pan and sealed. An empty,
hermetically sealed, aluminum sample pan was used as the
reference. In order to reduce temperature gradients, the
sample mass was kept small (~ 9.0 mg). The methodol-
ogy applied was adapted from Zhang et al. [23]. To pro-
duce cooling and melting curves, the samples were first
rapidly heated to 80 °C (30 °C min~') from room tem-
perature and held for 10 min. Then, the samples were
cooled to — 80 °C (10 °C min~") and held for 10 min to
ensure they became fully crystallized and then heated to
80 °C (5 °C min~"). To study the effect of the cooling rate
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on crystallization, samples were rapidly heated to 80 °C
(30 °C minfl) from room temperature and held for 5 min,
and then, the samples were cooled to — 80 °C at the
cooling rates of 2, 5 or 10 °C min~'. To investigate the
melting profile of L. pisonis oils under isothermal crystal-
lization, the samples were heated at 80 °C (30 °C min~ 1)
for 5 min and then cooled (100 °C min~') to a preset
temperature (— 10, 0, 10, 20 °C), held at that temperature
for 10 min for crystallization and then heated to 80 °C
(5 °C min™"). Pyris™ manager software was used to cal-
culate the parameters of crystallization and melting,
enthalpies and the solid fat content (SFC), which was
estimated based on the integrated area under the melting
curve [24].

Total phenolic compounds

The total phenolic compounds (TPC) were determined in
methanolic extracts of vegetable oils [25], using 1.0 g of
oil. Briefly, for extraction of oils, 90:10 methanol/water
(3 mL) was added, followed by vortex mixing for 4 min
and centrifugation for 5 min at 15,000 u min~!. The
extraction procedure was carried out three times for each
oil. All methanolic extracts were combined and analyzed
sequentially using the Folin—Ciocalteu reagent assay. The
quantification of TPC was performed using the microplates
technique [26], with gallic acid as a standard for the cali-
bration curve. The absorbance at 720 nm was measured
using a spectrophotometer (Tecan Nanoquant Infinite®
M200, Tecan Trading AG, Switzerland) after reaction with
the Folin—Ciocalteu reagent in the alkaline medium and
standing in the dark for 1 h. TPC were expressed in mg of
gallic acid equivalents (GAE)/100 g of oil.

Antioxidant assays of the oil extracts

The free radical scavenging evaluated by the DPPH assay
was determined using the method proposed by Brand-Wil-
liams et al. [27]. The absorbance at a wavelength of 517 nm
was measured using a spectrophotometer (Tecan Nanoquant
Infinite® M200, Tecan Trading AG, Switzerland). The
ABTS scavenging activity of oil extracts was determined in
triplicate using the method described by Re et al. [28]. The
absorbance at 734 nm was measured. The total antioxidant
potential of the oil extracts was measured using the ferric
reducing antioxidant power (FRAP) assay [29]. Measure-
ments were taken using the spectrophotometer at 593 nm.
The absorbance of the samples was compared to a standard
curve (100-1000 pmol Lfl), and results were expressed in
mmoL Trolox equivalent per g of oil (mmol TE g~'). All the
assays had minor changes as proposed by Zielinski et al. [30].
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Data analysis

Origin 8.6 software (OriginLab, Massachusetts, USA) was
used for data treatment and producing graphs. Statistica
10.0 (Statsoft, Brazil) was used for statistical analysis,
including calculating means and standard deviations (SD).
All experiments were carried out in triplicate.

Results and discussion
Water content and apparent pH

Commonly, the water content in vegetable oils is less than 1%.
As expected for this type of raw material, sapucaia oil (SO)
samples presented very low water content: 0.077 £ 0.006% for
LP1 and 0.097 £ 0.006% for LP2. The low moisture content
helps the oil to maintain good properties against oxidation. This
result is similar to that of Brazil nut oil (< 1.0%) [22], pequi oil
(0.07%) [31] and canola oil (< 0.3%) [32]. The apparent pH of
SO was 5.720 £ 0.036 for LP1 and 5.353 + 0.040 for LP2,
lower acid than Brazil nut oil (3.80) [22].

Phenolic compounds and antioxidant properties

Seeds are naturally rich sources of phenolic compounds,
which can easily end up in the resulting extracted oil [33].
The studied sapucaia nut oils presented a considerable
amount of phenolics, with different values (p < 0.05)
varying according to the method of extraction (Table 2).
The oil sample LP1 presented higher TPC content than that
of LP2. The content of phenolic compounds present in the
SO (1.418 mg GAE/100 g on average) is greater than in
almond oil (0.95 mg GAE/100 g), similar to hazelnut oil
(1.59 mg GAE/100 g) and pine nut oil (1.48 mg GAE/
100 g); however, Brazil nut oil appears to show similar
(1.53 mg GAE/100 g) [34] or twice the TPC content
(3.64 mg GAE/100 g) of SO, and macadamia nut oil pre-
sents fifteen times more TPC (22.5 mg GAE/100 g) [35].

Elucidating the antioxidant profile of edible oils is
important because the antioxidants are associated with
suppress, delay of avoid harmful oxidation processes,
principally the ones caused by reactive oxygen species,
playing a crucial role in the shelf life, nutritional value and

quality of the food products, and serving as a quality index
[36]. The antioxidant activity of the phenolic extracts from
SO was evaluated by three different methods, and the
results are shown in Table 2.

The oils presented radical-scavenging activities suggest-
ing that they can inhibit free radicals in vivo. According to
the data, no significant difference (p < 0.05) was observed
between the results from DPPH and FRAP assays. However,
the ABTS assay showed that the sample LP1, which was
obtained by a cold extraction process, has better antioxidant
characteristics than LP2. Another study agrees with our
results, where various nut oils such as Brazil nut, pecan,
hazelnut, pistachio, walnut and almond oils extracted by
chloroform/methanol (as Bligh and Dyer method) present
higher antioxidant activity compared to hexane-extracted
oils [34]. The numerical value from ABTS analysis is usually
higher than the DPPH assay, as shown by
Christodouleas et al. [36], which also showed that ABTS
method presents higher sensitivity for hydrophilic com-
pounds extracted from oilseeds over DPPH, although both
methods have comparable results. In addition, Table 2
shows that SO had effective reducing power using the FRAP
method, which measures both water- and fat-soluble
antioxidants [37], showing no difference (p < 0.05) between
the analyzed samples, thus demonstrating that the electron
donor properties of SO can neutralize free radicals by
forming stable products. According to Blomhoff et al. [37],
the FRAP assay has the advantage to directly measure
antioxidants or reductants in a sample, while the other
methods are more indirect, measuring the inhibition of
reactive species produced in the reaction mixture.

Some natural antioxidants, which are responsible for
protecting biological systems from reactive oxygen species,
are commonly present in vegetable oils as phenolic com-
pounds, carotenoid compounds, phytosterols and toco-
pherols (vitamin E) [38], and may also have influenced the
antioxidant capacity of SO, being possible to make a rela-
tionship between them [39]. The results from in vitro
antioxidant assays presented some variations that could be
assigned to the different mechanisms in the analysis
(Table 2). These assays are grouped into the electron-
transfer category, and there is some specificity among them.
DPPH and ABTS radical cations have the same mechanism
and produce a characteristic color that can be monitored by a

Table 2 Total phenolic compounds (TPC) and antioxidant activity of sapucaia oils measured by different methods

Sample TPC/mg GAE/100 g DPPH*" ABTS?* FRAP*
LP1 1.590 + 0.087* 3.429 + 1.866" 8.715 £ 0.293" 26.148 + 0.150°
Lp2 1.246 =+ 0.026° 1.973 £ 0.727* 5.585 + 0.385" 25.760 + 0.385"

Values are the mean + standard deviation. Means followed by same letter do not differ by Duncan test (p < 0.05). GAE gallic acid equivalents

Results in mmol Trolox equivalent per g of oil (TE/g oil)
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spectrophotometer. The color change occurs when the oil
extract is mixed with a reactant solution and the reduced
form of the radical loses its color as a result of donating a
hydrogen atom. Similarly, in the presence of antioxidant
compounds, FRAP is characterized by electron-transfer
ability that results in the reduction in iron ions [33, 36, 40].

Fatty acid profile

Fourteen different fatty acids (FAs) were identified in the
studied SO (Table 3). The oils were composed predominantly
(61-73%) of unsaturated fatty acids (UFAs). Monounsatu-
rated fatty acids (MUFAs) accounted for 39.08—45.66%, and
21.95-27.63% was polyunsaturated fatty acids (PUFAs), such
as linoleic and o-linolenic acids, which have been proven to
effectively reduce the risk of cancer, osteoporosis, cardio-
vascular diseases and diabetes [41]. Such a FA profile is
common for Brazilian edible nuts [5, 42], which reinforces the
idea that consuming more nuts rich in fatty acids is beneficial
to health. Currently, the main commercial source of PUFA,
such as w-3 and w-6, is fish and fish fat [41].

Among the MUFAs, oleic acid was the major FA found
in SO, which accounted for 44.28% in LP1 and 35.54% in
LP2. It is important to note that oleic acid is the primary ®-
9 FA in the human diet and is the predominant MUFA in
many nut oils, totaling 38.50% in Brazil nut oil (Berthol-
letia excelsa) [22], 65.59% in garampara oil (Dipteryx
lacunifera) [5], 67.62% in tucuma oil (Astrocaryum vul-
gare Mart.) and 39.04% in cutia nut oil (Couepia edulis)
[42]. The SO also contained 21.65-27.19% linoleic acid,
an essential FA that, in reasonable amounts, is important
for human health [43]. The SO also contained two impor-
tant cis-MUFA, the cis-vaccenic and cis-11-eicosenoic in
quantities higher than 1.0%.

The saturated fatty acids (SFAs) represented
25.01-37.25% of the total FA and were mainly palmitic acid
(14.70-21.38%) and stearic acid (9.63—-11.09%). Other SFA
such as myristic, heptadecanoic and behenic acids were
identified in smaller amounts. Arachidic acid, which is
usually present in peanut oil, was also found in SO in small
quantities; this result is in agreement with Costa and Jorge
(2012), who found about 0.22% C20:0 for L. pisonis oil.
There is a similar pattern in the Brazil nut oil, which contains
0.36% arachidic acid and 14.26% palmitic acid [22].

A good factor for evaluating the quality and digestibility
of a vegetable oil is the amount and composition of UFA and
SFA. A high amount of linoleic acid in comparison with
oleic acid (w-9) represents better quality vegetable oil [5].
The relationship between linoleic and oleic acids should,
therefore, be considered when assessing oil. Oils can present
diverse values for these relationships depending on the
extraction method, as shown in Table 4, where sapucaia oils
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Table 3 Fatty acid profile of sapucaia oils in comparison with other
studies

Fatty acids/% LP1 LP2 a b
Myristic (C14:0) 0.12 0.23 - -
Palmitic (C16:0) 14.70 21.38 14.49 10.68
Heptadecanoic (C17:0) 0.11 0.17 - -
Stearic (C18:0) 9.63 11.09 5.84 5.63
Arachidic (C20:0) 0.45 0.38 0.22 -
Behenic (C22:0) nd 3.99 tr -
XSFA 25.01 37.25 20.76 16.30
Palmitoleic (C16:1) 0.32 0.44 0.21 -
Elaidic (C18:1 n9t) nd 0.04 - -
Oleic (C18:1 n9¢c) 44.28 35.54 38.82 34.30
cis-Vaccenic (C18:1 nllc) 1.05 1.24 - -
cis-11-Eicosenoic (C20:1 n9) nd 1.87 - -
IMUFA 45.66 39.08 39.07 -
Linoleic (C18:2 n6c) 27.19 21.65 39.93 49.35
o-Linolenic (C18:3 n3) 0.36 0.29 0.24 -
Arachidonic (C20:3 n3) 0.08 nd - -
YPUFA 27.63 21.95 40.18 -
Others - - 0.24 -
XTotal UFA 73.29 61.02 79.25 83.65

nd not detected, tr traces, SFAs saturated fatty acids, MUFAs
monounsaturated fatty acids, PUFAs polyunsaturated fatty acids

a = Costa and Jorge [5]; b = Vallilo et al. [10]; results are expressed
as % distribution of fatty acids

present UFA/SFA and linoleic/oleic FA ratios ranging from
1.63 to 5.13 and 0.609 to 1.44, respectively. Results high-
lighted that SO present high UFA/SFA relationship
regardless of the extraction process; on the other hand, the
linoleic/oleic FA ratio is highly affected by the extraction
method and presents lower values when extracted by Bligh
and Dyer and Soxhlet with hexane. It is also shown that SO
has better characteristics according to the method of
extraction as the following sequence: Soxhlet with petro-
leum ether > cold press > Bligh & Dyer > Soxhlet with
hexane. Both relationships for sapucaia oils in the current
study are lower than those found by Costa and Jorge (2012)
and Vallilo et al. (1999) because the oils produced in these
studies had a higher linoleic acid content (Table 3). When
compared to other Brazilian oleaginous nuts such as the
Brazil nut, garampara [5] and cutia nut [42], the unsaturation
relationship values between linoleic and oleic acid were also
quite different. The results revealed that that method of
extraction highly impacts the composition of sapucaia oil
and, consequently, the quality characteristics.

Oxidative stability index

The oxidative stability index (OSI) is an important part of
evaluating oil quality. The OSI was evaluated with
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Table 4 Comparison of unsaturated fatty acid composition of sapucaia oils and other Brazilian vegetable oils

Vegetable oils Method of extraction

Relationship between
unsaturated and
saturated fatty acids

Relationship between
linoleic and oleic
fatty acids

Sapucaia (Lecythis pisonis)® Bligh and Dyer 2.93 0.614
Sapucaia (Lecythis pisonis)® Soxhlet with hexane 1.63 0.609
Sapucaia (Lecythis pisonis)° Cold pressing 3.82 1.03
Sapucaia (Lecythis pisonis)° Soxhlet with petroleum ether 5.13 1.44
Brazil nut (Bertholletia excelsa)® Cold pressing 3.05 1.44
Brazil nut (Bertholletia excelsa)® Soxhlet with hexane 3.08 1.517
Cutia nut (Couepia edulis)® Cold pressing 1.39 0.32
Garampara (Dipteryx lacunifera)® Cold pressing 3.45 0.14

“This work

Costa and Jorge [22]
“Vallilo et al. [10]
9dSantos et al. [12]
°Costa-Singh et al. [42]

Rancimat analysis until the end point of stability for SO
samples and was expressed in hours. The higher the OSI,
the better the resistance to oxidation and higher is the shelf
life of the oil; consequently, an oil with high OSI repre-
sents a good source of raw material for the food industry.
The oil sample LP1 was the one with highest shelf life,
once it presented 13.28 £+ 0.22 h for OSI, while LP2 has a
lower shelf life, because the OSI was only 7.18 £ 0.50 h.
The results confirmed that Bligh and Dyer, which is a cold
extraction process, is a technique that causes less damage
to the oil than Soxhlet, once the former nearly halved the
value of the OSI presented by the latter. The high oleic acid
content in SO tends to protect the oil against thermo-oxi-
dation. Another reason for the excellent oxidative stability
of sapucaia oils is because of the presence of natural
antioxidants and polyphenols, which are present in all
vegetable oils [44], as confirmed by the TPC content and
antioxidant activity assays, being then responsible for
enhancing the resistance to oxidation [32, 36, 44]. Extracts
of phenolic compounds are suggested to be added to oils
with low oxidative stability aiming to enhance the OSI
[33]. Costa and Jorge (2012) found an OSI of 24.89 h
(evaluation at 100 °C) for L. pisonis oil extracted by cold
pressing. At the same Rancimat conditions used in this
study, similar results were found for Brazil nut oil (8.24 h),
hazelnut oil (8.88 h) and macadamia nut oil (7.38 h) [35].

Thermal decomposition

The thermogravimetric curve (TG) shows the mass loss,
and the derivative thermogravimetric curve (DTG) shows
the rate of mass loss of SO during thermal decomposition
from 30 to 750 °C by TGA under synthetic air (Fig. 2, left

images) and under nitrogen (Fig. 2, right images) atmo-
spheres. The values of mass loss are indicated in Table 5.
The TG curves indicated that SO were thermally stable up
to 303 °C with a mass loss of ~ 5%. This can be
explained by the loss of moisture and volatile compounds
in the oils. Under synthetic air, a slight increase (~ 0.1%)
in the sample mass was noticed at the beginning of oxi-
dation (30-76 °C) attributed to the oxygen uptake, and
formation of hydroperoxides, causing an earlier decom-
position onset than in the nitrogen atmosphere. The
oxidative process in vegetable oils is characterized initially
by the formation of secondary products (peroxides) through
oxidation. The following phase corresponds to the
decomposition of MUFA, mainly oleic acid, PUFA (as the
linoleic acid) and the polymerization of the substances
remaining from the previous phase [45].

Dynamic and inert atmospheres produced different
patterns in the TG/DTG profiles. A comparison of the
change in mass as a function of temperature is illustrated
in Fig. 2e, f where the curves of SO are presented in an
overlay, highlighting some differences between samples in
each atmosphere. The decomposition and carbonization
processes in the air atmosphere occurred in three phases of
the curve, starting at around 130 °C, achieving 53-58%
mass loss at 405-440 °C and ending at a temperature range
of 611-625 °C. For the nitrogen atmosphere, the process
showed two steps, initiating at ~ 160 °C, reaching
62-75% mass loss at 426-435 °C, and finishing at 500 °C.
The DTG curves (Fig. 2) showed the steps of thermal
decomposition more clearly. At the higher aforementioned
temperatures, the mass loss reached 100% (no residue
remaining). The high UFA content in SO, mainly oleic acid
and linoleic acid, is related to the occurrence of oxidative
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Fig. 2 TG/DTG curves of
sapucaia oils obtained using the 100+ 100
Bligh and Dyer (a, b) and
Soxhlet (¢, d) methods, and a 80 = 80 ’(b) =
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Table 5 TG/DTG data of each thermal decomposition stage of
sapucaia oils under flowing air and nitrogen atmospheres

Carrier Sample Thermal T,/°C Tn/°C Ty°C Am/%
gas degradation
stage
Air LP1 I 128 362 405 58.2
I 405 432 545 41.1
I 545 587 625 0.7
LP2 I 130 352 392 53.2
I 392 409 440 344
I 437 464 611 124
Nitrogen LP1 I 160 389 435 75.7
I 435 450 500 243
LP2 I 162 393 426 62.9
I 426 445 500 37.1

T; initial temperature, T;,, maximum mass loss temperature, 77 final
temperature, Am mass loss
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degradation reactions [22]. The high values of T; (onset
temperature) showed that SO have high thermal stability
because of the higher the 7; of decomposition of the oil, the
higher the thermal stability. The overall mass of LP1 was
different from LP2 in the temperatures ranging from 350 to
550 °C (Fig. 2) possibly due to the high-SFA content
(37.25%) in LP2 compared to LP1 (25.01%) [46].

The results are similar to those of Brazil nuts, which
are thermally stable up to 209-220 °C and reach a
maximum mass loss of 97% at 580-602 °C [22, 45].
Differences between the thermal behaviors of the sapu-
caia oils can be related to the differences in FA com-
position and to the presence of natural antioxidants,
which tend to protect the oils against oxidation, thus
retarding the degradation [47]. In general, vegetable oils
present high tocopherol content; while the tocopherol
profile of sapucaia nut oil is still unknown, more
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research is needed to identify the role of these com-
pounds on the oxidative stability of these oils.

Thermal behavior of crystallization and melting

Temperature for crystallization and the impact of scanning
rate

Tests were conducted to investigate the melting profile of
SO under isothermal crystallization. The melting thermo-
gram (Fig. 3a, b) revealed that when frozen at — 10 °C the
oil samples showed endothermic peaks at — 6.81 °C (LP1)
and at — 6.16 °C (LP2), with an enthalpy of 9.28 J g~ for
LP1 and 7.26 J g_1 for LP2. On the other hand, there was
no event after 0 °C, revealing that no crystallization
occurred above that temperature. This feature may confirm
the liquid state of the SO at room temperature (25 °C).

During cooling, the oils exhibited two transitions. The
curves showed that the positions of the exotherms were
dependent on the cooling rate, while the quantity of exo-
therms was independent of the cooling rate. In addition,
increasing the cooling rate caused the crystallization peak
temperature to shift to lower temperatures and an increase
in the peak height and area (Fig. 3c, d). This behavior may
correspond to the differential crystallization of higher
melting triacylglycerols (TAGs) firstly and lower melting
TAGs secondly. Similar results have been described for
palm oil fractions [23].

The scanning rate of 2 °C min~' reduces the lag in the
output response from the DSC instrument, preserves the
minor peaks and reduces the smoothing tendencies, which
occurred at a higher scanning rate. However, the first peak

Heat flow/mW

-10°c10°C

1 1 1

—-20 -10 0 10 20 30
Temperature/°C

was too small when compared to the rate of 5 °C min™',

which provided better resolution for the peak analysis in
the Pyris™ software.

Cooling curve

During cooling (Fig. 4a), both sapucaia oils presented a
similar pattern of crystallization, showing two distinct
peaks (exothermic) in the crystallization behavior, namely
peak 1 (Pc;) and peak 2 (Pc;). Pc; indicated the change
from liquid to solid and was found at temperatures of
— 11.56 °C (LP1) and — 12.51 °C (LP2), while Pc, was
observed at temperatures of — 59.80 °C to — 73.93 °C.
Both were related to the crystallization of TAGs. The
crystallization onset temperature occurred at around
— 8.0 °C, and this process extended over a range of
15-23 °C. The sum of the crystallization enthalpy of the
two peaks for the two oils was — 22.17 and — 32.56 J g~
for LP1 and LP2, respectively (Table 6). Heat is released
during the phase transition of oil from liquid form to solid
form so values for crystallization enthalpy were negative
[48].

Different endothermic and exothermic peaks are
exhibited according to different saturated or unsaturated
TAG and FA contents in the oils [49]. Smaller or shoulder
peaks are also correlated with different types of TAG. In
addition, an inseparable shoulder peak that melts at the
same temperature range of the major peak comes from the
complex nature of the TAG [50].

(c) —— 2°Cmin™
--- 5°Cmin™

—_— 1 0 OCmin—1

Heat flow/mW

-80 -60 —40 —20 0 20 40
Temperature/°C

Fig. 3 DSC curves of sapucaia oils. a, b Melting profile under isothermal crystallization. ¢, d The impact of the scanning rates of 2, 5 and

10 °C min~" on crystallization behavior
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Fig. 5 Solid fat content of sapucaia oils measured by DSC

different shapes of the endothermic peaks [18]. The phase
transitions are principally determined by the degree of
heterogeneity in the composition of the oils and include the
breaking and formation of hydrogen bonds, which is a

result of structural rearrangements in the chains of glyc-
erides [51]. Major changes in the melting point are related
to the formation of new TAG molecular species, such as
desaturated and trisaturated TAG [31]. These results about
the melting behavior of SO are important principally in the
occasion in which is necessary to change some physico-
chemical properties to achieve specific functionalities for
certain applications, such as the case of solid fats (e.g.,
margarine).

Solid fat content

The solid fat content (SFC) is considered an important
physical property of lipids because it expresses their sen-
sorial, technological and protecting/release properties, as
well as their physical properties such as consistency,
spreadability and stability [52]. According to the melting
curves (Fig. 4b), SO presented no changes in SFC before
— 40 °C, so the data analysis was performed in the range
of — 40 to 20 °C (melting peak region). The SFC showed a
less than 2.5% decrease between — 40 and — 30 °C for the
two oils, then started to drop rapidly at around — 20 °C up

Table 7 Rheological parameters fitted to the Ostwald—de Waele and Herschel-Bulkley models for sapucaia nut oils at different temperatures

Sample Temperature/°C Ostwald—de Waele parameters
K /Pa s" n R? 7
LP1 10 0.0801 & 0.0041 0.9825 4 0.0091 0.99999 0.00061
20 0.0462 £ 0.0053 0.9936 & 0.0030 0.99999 0.00044
30 0.0328 4 0.0001 0.9943 £+ 0.0019 0.99999 0.00006
40 0.0218 £ 0.0003 0.9906 + 0.0035 0.99999 0.00005
50 0.0160 4 0.0001 0.9897 £ 0.0030 0.99999 0.00004
LP2 10 0.0598 £ 0.0059 0.9723 4+ 0.0141 0.99961 0.01236
20 0.0388 £ 0.0030 0.9841 £ 0.0105 0.99995 0.00087
30 0.0293 £ 0.0008 0.9877 £+ 0.0009 0.99983 0.00155
40 0.0201 £ 0.0007 0.9966 + 0.0001 0.99995 0.00026
50 0.0125 £ 0.0007 0.9804 £ 0.0053 0.99995 0.00008
Sample Temperature/°C Herschel-Bulkley parameters
Ton /Pa'’? Ky /Pa s'? ny R? 12
LP1 10 0.0251 £ 0.0008 0.0788 + 0.0041 0.9851 & 0.0092 0.99999 0.00028
20 0.0212 £+ 0.0162 0.0452 £ 0.0045 0.9971 £ 0.0005 0.99999 0.00013
30 0.0072 £ 0.0009 0.0324 £ 0.0002 0.9960 + 0.0017 0.99999 0.00003
40 0.0068 + 0.0011 0.0214 £ 0.0002 0.9931 + 0.0031 0.99999 0.00003
50 0.0060 % 0.0009 0.0157 % 0.0001 0.9928 £ 0.0025 0.99999 0.00002
LP2 10 0.1434 + 0.0195 0.0521 £ 0.0043 0.9941 + 0.0115 0.99996 0.00132
20 0.0365 £ 0.0073 0.0370 £ 0.0033 0.9920 £+ 0.0123 0.99999 0.00015
30 0.0518 £ 0.0036 0.0268 + 0.0006 1.0024 £ 0.0002 0.99999 0.00011
40 0.0198 £ 0.0026 0.0191 £ 0.0006 1.0043 £ 0.0008 0.99999 0.00005
50 0.0114 £ 0.0006 0.0119 £ 0.0007 0.9882 + 0.0059 0.99999 0.00001

K, Ky = consistency coefficients; n, ny = flow behavior indices (dimensionless); Toy = Herschel-Bulkley yield stress; R?
determination; y* = Chi-square

= coefficient of
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Fig. 6 Flow curves for sapucaia oils fitted by Ostwald-de Waele
(solid line) and Herschel-Bulkley (dotted line) models (a); viscosity
curves for LP1 (b, open symbols) and LP2 (¢, filled symbols),

to 0 °C and finally slowed down from 6 to 10 °C until there
was no solid fat remaining (Fig. 5). The SFC is associated
with the FA profile. Oils with higher UFA content are
easier to melt than oils with higher SFA [48, 52].

Rheology properties
Steady-state rheology

The results for the rheological behavior of SO showed that
the apparent viscosity (1) tends to decrease with increasing
temperature (7) and also with increasing shear rate (y),
indicating that the flow of the sapucaia oils is pseudoplastic
(n > 1) (Table 7, Fig. 6). On the one hand, it is usual for
oils to exhibit a dependency on T; on the other hand, a non-
dependency on y at higher values is observed. At 50 °C, the
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recorded at 10, 20, 30, 40 and 50 °C; the evolution of HB parameters
according to the temperature for flow index (d), consistency index
(e) and yield stress (f)

n is almost constant throughout the entire range tested, with
a minimum impact of y. Furthermore, 2.0 s~' was the
maximum value of y that induced major changes in # (see
detail in Fig. 6b, c). According to Gila et al. [53], a greater
quantity of FAs such as C18:1 and C18:2 appear to make a
great contribution to the flow behavior of oils.

The Ostwald—de Waele (OW) and Herschel-Bulkley (HB)
models (Fig. 6a, Table 7) showed a good fit to the experimental
data (R2 > (0.999; 12 < 0.012). In agreement with #, as T in-
creased, the K and Ky values decreased (Fig. 6e, Table 7). A
similar observation for many edible oils such as coconut,
sunflower, canola, corn [54] and olive oils [55] has been
reported. The OW model showed that the oils were non-
Newtonian (n < 1) over the T range tested. However, the HB
model revealed that sample LP2 behaved as a dilatant fluid
(ny > 1) at 30 and 40 °C (Fig. 6f). The HB model is able to
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Fig. 7 The dependence of viscosities on temperature and the fit of the
model to experimental data using the nonlinear Arrhenius equation
(a) and the linearized Arrhenius equation (b) for sapucaia oils at
different temperatures

determine the yield stress (toy) at which a material begins to
deform plastically without returning to its original shape when
the applied stress is removed. SO had small values for 7oy,
which also tends to decrease with an increase in T.

Figure 7 shows the nonlinear and linear relationship of 5
versus T and In 7 versus 1/7, respectively, obtained from the
Arrhenius equation (Eq. 3) and fitted to experimental data
(Table 8), illustrating the dependence of # on 7. This could
be due to the energy obtained to overcome the resistance to

flow, which may, in turn, be due to the attractive forces
among the oil molecules. This behavior is common for
vegetable oils such as coconut oil, crude palm kernel oil,
olive oil, sesame oil, soy oil and sunflower oil [56].

In vegetable oils, E, is related to the PUFA content.
Usually, a high poly-unsaturation (linoleic and linolenic
acid content) would decrease, and high oleic content in the
FA chain would increase, the E, for oxidation [46]. Higher
activation energy (E,) values indicate the greater sensitivity
of viscosity of the sample when the temperature is modi-
fied. In addition, the higher the E,, the higher the stability
to oxidation. The E, for LP1 was slightly higher
(31.89 kJ mol™') than LP2 (29.66 kJ mol™'); therefore,
LP1 produced greater variation in 1 in response to changes
in T.

Oscillatory rheology

Viscoelasticity provides valuable information on the
behavior of oils in relation to their composition and other
physical properties. The storage modulus G’ is correlated
with elasticity (solid-like), whereas the loss modulus G” is
associated with viscosity (liquid-like). The complex mod-
ulus IG*| reveals the overall structure of the system, while
the phase angle d suggests whether a fat system is more
solid-like or liquid-like [57].

In SO, there was a gradual decrease in IG*| during
heating, followed by the opposite effect during cooling
(Fig. 8a). This potentially revealed the destruction of a
primary crystal network (melting effect) that was crystal-
lized again when the oil was cooled, once IG*| returned to
its initial values, thus strengthening the possible crystal
network that was about to form again close to 10 °C [57].
In all samples, the elastic (G") and viscous (G”) compo-
nents increased with the applied frequency over the range
of 0.1-10 Hz, with G” always being higher than G’
(Fig. 8b, c¢). Therefore, the samples were all viscoelastic
fluids with a predominant viscous component. Similar
behavior has been reported for olive pomace oils [55].

Table 8 Comparison between activation energy (E,) and the apparent viscosity () at a shear rate of 53.4 s~' of sapucaia nut oils analyzed at

different temperatures

Sample E, /kJ mol ™! R? Apparent viscosity/Pa s

10 °C 20 °C 30 °C 40 °C 50 °C
LPI 31.89 £ 0.55°  0.989 0.0750 & 0.0011*  0.0452 + 0.0048"  0.0322 & 0.0004*  0.0211 £ 0.0000°  0.0154 % 0.0000*
LP2 29.66 &+ 0.39°  0.978  0.0538 + 0.0029°  0.0365 £ 0.0013°  0.0282 + 0.0006°  0.0200 £ 0.0007°  0.0116 =+ 0.0004°

Means followed by same letter do not differ by Duncan test (p < 0.05)
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ATR-FTIR analysis

In Fig. 9, each peak corresponds to a functional group
responsible for IR absorption; the intensities of each peak
are associated with the concentration of functional groups
present in both oils. To the naked eye, the entire range of
spectra looks very similar for each SO. There are no con-
siderable differences between their spectral features apart
from slight changes in the absorbances of some bands as
well as some shifts in the exact position of the bands. In
general, the spectra displayed the characteristic peaks of
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Fig. 8 Temperature sweep during heating (10-60 °C) and cooling
(60-10 °C) (a) and a frequency sweep of sapucaia oils obtained by
Bligh and Dyer (b) and by Soxhlet (c¢) extractions
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Fig. 9 ATR-FTIR spectra of sapucaia oils measured in mid-IR
regions of 4000-650 cm ™"

functional groups common to ester samples [51, 58]. Some
differences were observed only at the absorption bands
around 2955, 1261, 804 and 756 cm ™! (Table 9).

Peaks in the region of 3008 cm_l, attributed to cis
—C=CH vibration, and at 1653 cmfl, caused by vibration
of cis C=C, were present in both samples. This peak is also
correlated with the presence of UFAs [51, 58, 59].

The strong bands at around 2922 and 2854 cm ™' can be
ascribed to the asymmetric and symmetric C—H stretching
vibrations of CH, groups, which are also present in
macatba palm (Acrocomia aculeata) oils [51]. The
triglyceride, which is a major component of edible oils and
fats, was dominant in the spectra. The major peaks that
represent triglyceride functional groups could be observed
around 2922, 2854, 1745, 1464, 1161 and 723 cm™"' [59].

A small shoulder at 1711 cm™" was also detected and
assigned to free FAs. The band at 1464 cm ™' is the scis-
soring band of the bending vibration of the methylene
group. A band at 1417 cm™' was attributed to rocking
vibrations of CH bonds of cis-disubstituted olefins [59].
Likewise, a band at 1377 cm ™! could be due to the sym-
metric bending vibration of methyl groups. The band at
around 1161 cm™' could be assigned to the stretching of
the C—O bonds of aliphatic esters or CH, bending vibra-
tions [60]. In addition, the peak at 1161 cm™! and its
shoulder at 1238 cm ™' were considered as fingerprints of
C-O stretching in long-chain fatty acids [23]. The sapucaia
oils presented a small peak in the region of 968 cem™ !,
which was assigned to frans UFAs. Finally, the band at
722 cm~ ! was attributed to (CH,), rocking [59].

These differences between the FTIR spectra of LP1 and
LP2 confirm that the extraction method caused some
alterations to the chemical profile of the oils. This finding
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Table 9 Absorption bands in the ATR-FTIR spectra of the sapucaia
nut oils

Wavenumber/ Functional group Mode of vibration®
cm

LP1 LP2

3008 3008 =C-H (cis-) Stretching

2955 2953 -C-H (CHjy) Stretching (asymmetric)
2922 2922 —C-H (CH,) Stretching (asymmetric)
2854 2854 —C-H (CH,) Stretching (symmetric)
1745 1745 —C=0 (ester) Stretching

1711 1711 -C=0 (acid) Stretching

1653 1653 —C=C—(cis-) Stretching

1464 1464 —-C-H (CH,, CHj) Bending (scissoring)
1417 1417 =C-H (cis-) Bending (rocking)
1377 1377 —C-H (CH;) Bending (symmetric)
1261 - -C-0 Stretching

1238 1238 —C-O, -CH,— Stretching, bending
1161 1161 -C-O, -CH»- Stretching, bending
1118 1118 -C-O Stretching

1097 1097 -C-O Stretching

1030 1030 -C-O Stretching

968 968 -HC=CH-(trans-) Bending out of plane
914 914 —HC=CH—(cis-) Bending out of plane
804 - -C-H Bending out of plane
756 - -C-H Bending out of plane
723 723 —(CH,),,——HC=CH—(cis-) Bending (rocking)

“From Guillen and Cabo [59]

also suggests that oil composition can affect the exact
position of the bands and also affects the shifts in the IR
spectra.

Conclusions

The thermal and rheological properties, oxidative stability,
antioxidant activity and FTIR spectroscopy analysis of oils
from sapucaia nuts (SO) were studied, and the results are
reported here for the first time. The analyses indicated that
the method of extraction impacts the fatty acid composition
of the oils. SO present high UFA/SFA relationship
regardless of the extraction process, but the linoleic/oleic
FA ratio is highly affected by the extraction method. Fur-
thermore, the oil extracts presented considerable total
phenolic compounds content and antioxidant properties.
The type of oil extraction also had a minor impact on the
rheological behavior and clearly affects the plasticity of the
oils. Ostwald—de Waele and Herschel-Bulkley models
indicated that the oils exhibit major pseudoplastic

behavior. The effect of temperature on the changes in
viscosity was found to be more significant than the effect of
shear rate. Thermal analysis indicated that the sapucaia oils
were thermally stable up to 300 °C with ~ 5% mass loss.
The DSC parameters showed that the melting profiles of
sapucaia oils are similar regardless of the method of
extraction. The oxidative stability index of L. pisonis oils
was established by Rancimat. The oils presented similar
FTIR patterns, with characteristic bands for vegetable oils.
These results reinforce the idea that sapucaia oils are
suitable for human consumption. In addition, these data
open up new possibilities for the industrial utilization of
these oils for food, cosmetic and pharmaceutical industries
and also for the production of biodiesel. Further research is
needed to investigate other chemical compounds of these
oils, such as tocopherols, and their potential biological
activities.
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