Biomass Conversion and Biorefinery
https://doi.org/10.1007/513399-023-04578-y

ORIGINAL ARTICLE q

Check for
updates

Agroindustrial valorization of baru almond oil (Dipteryx alata)
through sustainable techniques: a study on nutritional quality,
oxidative stability, fatty acid, and tocopherol profile

Greice Folis Dagostin Santinoni' - Rdmulo Alves Morais' - Gabriela Fonséca Leal® - Vinicius Soares dos Reis' -
Gléndara Aparecida de Souza Martins' - Clarissa Damiani'2

Received: 27 March 2023 / Revised: 22 June 2023 / Accepted: 2 July 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

The baru almond stands out as almond rich in proteins, lipids, fibers, bioactive compounds, and antioxidant potential. This
study aimed to optimize the extraction of fixed oil from baru seed (Dipteryx alata), performed by the hydraulic press and
Soxhlet using eco-friendly solvents (ethanol, 2-methyl tetrahydrofuran (2-METHF), and d-limonene), using preliminary
treatment with ultrasound and microwaves, as well as carrying out the chemical and functional oil and evaluate its stability
during 60 days of storage at 25 °C. Evaluating the combinations of extraction methods and solvents, ethanol was the solvent
that presented the best results. The ultrasound method as a pretreatment in 30 min, followed by hydraulic pressing, was the
one that presented the best results in oil yield and quality. Therefore, this method was adopted for the other stages of this
study. Regarding the chemical composition of the oil, it was rich in unsaturated fatty acids, the main fatty acid being oleic
acid at 45.90%, followed by linoleic acid at 25.96%. Regarding oxidative stability, the oil remained stable during 30 days
of storage at 25 °C. During the days of storage, there were changes in the peroxide index (of 0.15 for 4.32 meq Kg™'), in
the composition of polyunsaturated fatty acids (of 26.04 for 25.03%), and a reduction in the total tocopherols (of 10.94 for
7.43 mg 100 g~1) present in the oil. Finally, ultrasound has shown promise in extracting baru oil. Still, special methods are
needed to protect the extracted oils from pro-oxidative factors.

Keywords Sustainable extraction - Ecological solvents - Vegetable oil - Oxidative stability - Tocopherols

1 Introduction terpenes, and phytosterols. The presence and quantity of

these substances are directly related to the quality, nutri-

Vegetable oils are important sources of lipids, antioxidants,
and bioactive compounds, which are bioavailable for human
consumption [1, 2]. These oils are generally obtained from
fruits or almonds through different extraction processes.
Among the most common compounds in vegetable oils are
fatty acids, hydrocarbons, tocopherols, phenolic compounds,
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tional, and functional values of these oils, which may vary
depending on the species, the climatic conditions of culti-
vation, the oil extraction system, and the refining processes
applied [3]. Consumers are concerned about the quality of
edible oils in food preparation and consumption. Therefore,
quality, stability, and nutritional characteristics are vital
factors for using oils in the food industry. Oil extraction
from seeds and almonds mainly uses pressing or solvent
extraction as conventional methods [4]. However, limita-
tions associated with these vegetable oil extraction methods
include long extraction times, environmental hazards, health
hazards, high solvent and energy consumption, and possible
changes in the characteristics of the vegetable oil. Thus, new
sustainable extraction techniques and ecological solvents for
oil extraction, which are efficient and provide quality prod-
ucts without toxic chemicals, must be developed, studied,
and applied [5].
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The concept of green extraction originates from green
chemistry, whose principles aim to innovate all aspects of
a solid-liquid extraction process through using renewable
plant resources and ecological solvents, co-product pro-
duction instead of waste, and processing safer and more
controllable. The main objective of ecological solvents is
to develop an environmentally friendly process with the
simultaneous reduction or elimination of pollutants, guar-
anteeing the safety and well-being of the handler. The vast
majority are derived from renewable sources of natural or
agricultural waste (biomass) [6].

Among the ecological solvents, we can highlight
ethanol, 2-methyl tetrahydrofuran (2-METHF), and
d-limonene. Ethanol is an environmentally friendly sol-
vent, readily available, produced on a large scale, and
its use is permitted in the food industry. Its advantages
include operational safety, low toxicity, high purity, and
biodegradability [7]. It is not new about the use of ethanol
to obtain oil from the most diverse vegetable matrices, for
example, Potrich et al. [8] present ethanol as a replace-
ment for hexane in the extraction of soybean oil, aiming at
a technical-economic-environmental analysis. According
to Amarante et al. [9], ethanol proved favorable to castor
bean oil extraction. Several other authors present extrac-
tion with ethanol as a viable and green alternative com-
pared to traditional methods using organic solvents such
as hexane [10-13]. 2-METHF has wide applications in
organic chemistry, including the pharmaceutical industry.
It has low toxicity and high biodegradability [14]. And
finally, d-limonene is one of the main by-products of the
citrus fruit industry. This monoterpene molecule plays an
important role in flavors and fragrances and is an indus-
try’s cleaning and degreasing agent [15].

As with ecological solvents, using preliminary treatment
to improve oil recovery in extraction has gained attention.
In this sense, we can highlight microwave and ultrasound
preliminary treatment. Microwave heating occurs due to
changes in cell structure caused by electromagnetic waves.
Based on this assumption, the high yields observed in extrac-
tions with techniques involving ultrasound may be related
to the heat and mass gradients that act in synergism since
the heat dissipates the volume from within the irradiated
medium, thus guaranteeing a higher extraction yield, caused
by disruption of the cell wall [16]. Ultrasound is a safe tech-
nique that produces high-frequency ultrasonic waves, which
can promote cavitation phenomena and increase the transfer
of energy and mass in a liquid medium, leading to the rup-
ture of plant cell walls, favoring the penetration of the sol-
vent, and improving the release of intracellular compounds.
Therefore, ultrasound-based food processing may represent
an alternative to improve the bioavailability of bioactive
compounds and a substantial increase in the process yield
since using ultrasound as a preliminary treatment associated
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with other oil extraction methods has been showing a prom-
ising alternative [17, 18].

In this sense of sustainable extraction, we can highlight
the baru (Dipteryx alata), an oilseed species native to the
Brazilian Cerrado. Each tree is, on average, 12 m high and
can produce between 1000 and 3000 fruits, whose diam-
eter varies from 3 to 7 cm, weighing between 26 and 40 g
and having a single seed of approximately 1.17 g. Its seeds
are roasted and used as ingredients in gastronomy due to
their high nutritional value, containing 38.2 g 100 g~! of
lipids and 23.9 g 100 g~! of protein [19, 20]. In addition,
almonds have higher levels of total phenolic compounds
than many other almonds consumed in Brazil, such as pine
nuts, macadamia nuts, Brazil nuts, cashew nuts, hazelnuts,
and peanuts [21]. Thus, the objective of this work was to
optimize the extraction of oil from the baru seed, carried out
by the hydraulic press and Soxhlet (using environmentally
friendly solvents), using sustainable preliminary treatment
with ultrasound and microwaves, as well as to characterize
the extracted oil and evaluate its oxidative stability during
storage for 60 days at 25 °C.

2 Materials and methods
2.1 Chemicals and plant material

Folin-Ciocalteu reagent, potassium sulfate, potassium
persulfate, petroleum ether, aluminum chloride, sodium
molybdate, sodium carbonate, sodium hydroxide, potassium
hydroxide sodium phosphate, ethanol, acetone, ascorbic
acid, gallic acid, glacial acetic acid, and Supelco FAME Mix
C4-C24 standards were obtained from Sigma Aldrich® (Sao
Paulo-Brazil). All chemical reagents were analytical grade.

Samples of baru (Dipteryx alata Vogel) were purchased
from local businesses in Palmas, in Tocantins, Brazil. The
samples came from the city of Pirenépolis, State of Goids,
Brazil (15°50"22.6" S 48° 57" 56.4" W), in September 2021.
Both regions are part of the Cerrado biome. Only ripe fruits
in good condition were collected. After collection, the fruits
were kept in 100 ppm chlorinated water for 15 min for sani-
tization. The different parts of the fruits were packed in low-
density polyethylene bags, protected from light. Then, the
samples were stored at — 18 +2 °C in a domestic refrigerator
until further analysis.

2.2 Preliminary testing of solvents
and pretreatments

Preliminary tests were carried out to define the best ecologi-
cal solvents and the best pre-treatment for baru oil extrac-
tion. The effects of using ethanol, 2-methyltetrahydrofuran
(2-METHF), and d-limonene solvents were evaluated.
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Extraction with hexane was also performed for comparative
purposes. The oil content of the seeds was determined in
triplicate in a Soxhlet apparatus; using the mentioned sol-
vents in the seed-solvent ratio of 1:5 (w/v), for 6 h, at a tem-
perature according to the boiling point of each solvent, etha-
nol (~79 °C), 2-METHF (~ 80 °C), d-limonene (~ 175 °C),
and n-hexane (~70 °C), for preliminary tests of sustainable
techniques related to pre-treatment, ultrasound, and micro-
waves were used. For the ultrasound test, 250 g of baru seeds
were used, submerged in distilled water (25 °C), and inserted
in an ultrasonic bath, with a frequency of 40 kHz, for 15
and 30 min. The seeds were dried in an air circulation oven
at 60 °C for 48 h and sent for Soxhlet oil extraction. For
microwave-assisted extraction, 250 g of seeds were heated
in a microwave at 200 W, varying the time between 5 and
10 min. After heating, the seeds were sent for extraction.

In response to using environmentally friendly pre-treat-
ments, the following analyses were carried out: total yield,
peroxide value, and acidity of the oils. The peroxide value
and acidity were determined according to the protocols
standardized by the AOCS (2009). The peroxide value was
determined according to the Cd 8b-90 method and acidity
according to the Cd 3d-63 method. The yield of each extrac-
tion was determined according to Eq. 1.

(final weight — starting weight)

Oil (%) = x 100 (1)

sample weight

2.3 Optimized baru oil extraction

The extraction conditions evaluated in this study are
described in Table 1. Different extraction methods were
analyzed through preliminary tests. The ecological solvent
that presented the best results for the yield, peroxide index,
and acidity responses was ethanol, which will be used in the
other stages of this study.

Two pre-treatments were tested, ultrasound and micro-
wave, at two different times, times of 15 and 30 min for ultra-
sound and 5 and 10 min for microwave. For the pre-treatment

Table 1 Identification of different baru oil extraction conditions

Treatment Pre-treatment Time (min) Methods

UPI15 Ultrasound 15 Press

UP30 Ultrasound 30 Press

US15 Ultrasound 15 Soxhlet (ethanol)
US30 Ultrasound 30 Soxhlet (ethanol)
MP5 Microwave 5 Press

MP10 Microwave 10 Press

MS5 Microwave 5 Soxhlet (ethanol)
MS10 Microwave 10 Soxhlet (ethanol)

with ultrasound, 250 g of whole seeds were submerged in
distilled water (25 °C) and inserted in the ultrasonic bath,
with a frequency of 40 kHz, at 15 and 30 min. The seeds
were then dried in an oven at 60 °C for 48 h and sent for
extraction with a press and Soxhlet. For microwave-assisted
extraction, 250 g of whole seeds were heated in a microwave
at 200 W, varying the time between 5 and 10 min. After
heating, the seeds were sent for extraction with a press and
Soxhlet. For mechanical extraction by hydraulic pressing,
a 30-t press was used. Two hundred fifty grams of sam-
ples were weighed, placed in a stainless-steel cylinder, and
pressed up to 10 t. For oil extraction using ethanol, about
30 g of seeds were packed in cellulose cartridges and placed
under reflux, keeping the flow constant for 6 h. After extrac-
tion, ethanol was eliminated in a rotary evaporator, and the
remaining content was dried in an oven until reaching con-
stant weight. After the extraction, the crude oil was weighed,
stored in amber bottles, and stored in a freezer at— 18 °C
until the analysis time. To determine the best condition for
extracting baru oil among the proposals, the response vari-
ables used were also the extraction yields and the peroxide
and acidity index analyses. Finally, the extraction method
that presented the best result was characterized and sent for
chemical, physical, identity, and quality analysis.

2.4 Quality assessment of baru oil

The method that presented the best results, according to the
analyzed parameters, was the UP30 method (30-min ultra-
sound pre-treatment + extraction with a hydraulic press). The
baru oil extracted by the UP30 method was characterized
by analyzing the fatty acid profile, refractive index, iodine
index, saponification index, unsaponifiable matter, athero-
genicity and thrombogenicity index, phenolic compounds,
tocopherols, and carotenoids totals.

2.4.1 Fatty acids

The fatty acid profile of pressed baru oils was determined by
gas chromatography described in the methodology proposed
by Hartman & Lago [22]. A gas chromatography system
coupled to a Shimadzu GC-FID flame ionization detector
(model CG — 17A) was used, equipped with a fused silica
OV-fused capillary column (30 m X 0.25 mm, 0.25 pm) with
nitrogen and synthetic air and hydrogen as ignition gas. The
oils were submitted to saponification and esterification pro-
cesses with potassium hydroxide in methanol (0.1 mol L)
and hydrochloric acid in methanol (0.12 mol L™") converting
them into fatty acid methyl esters (FAMES), being subse-
quently extracted with hexane and injected with a volume
of 1 pL in the GC. The chromatographic conditions used
were initial column temperature equal to 40 °C for 5 min,
increased at a rate of 10 °C min~' until the temperature of
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140 °C, remaining 15 min, until the final column tempera-
ture of 240 °C with heating of 4 °C min~!, remaining for
30 min. The carrier gas used was ultrapure nitrogen with a
flow of 1 mL min~!, and injector and detector temperatures
were 260 °C. The fatty acids were identified based on the
retention time of the sample peaks and compared with the
peaks of the respective standards (Supelco FAME, Sigma-
Aldrich®). Then, quantification was performed by normal-
izing the area and expressing it as a percentage.

2.4.2 ldentity and quality standards

The acidity value (Ca 3d-63) and peroxide value (Cd 8-53).
The refractive index was performed according to the Cc
7-25 method. The iodine value was calculated using the
Cd 1c-85 and expressed in g I, 100 g~!. The saponification
index was defined by the amount in milligrams of potassium
hydroxide necessary to saponify 1 g of oil, being calculated
according to the Cd 3-25 method, and expressed in mg KOH
g~ 1. The saponification index was defined by the amount in
milligrams of potassium hydroxide necessary to saponify 1 g
of oil, being calculated according to the Cd 3-25 method,
and expressed in mg KOH g~!. The unsaponifiable matter
corresponds to the total amount of substances dissolved in
oils and fats, which are insoluble in an aqueous solution
after saponification with alkali. It was determined accord-
ing to the Ca 6b-53 method, expressed in g 100 g~!. The
oxidative stability was measured by the Rancimat method
(METRODATA—Stabnet, version 1.1 full), where the time
corresponded to the inflection point in the oxidation curve.
In this method, a constant airflow (20 L h™!) passes through
the reaction container containing 5 g of oil at a constant
temperature of 110 °C. An abrupt increase in electrical con-
ductivity characterizes the change over time, thus indicating
the period required for detecting secondary oxidation prod-
ucts. Oxidative stability followed the Cd 12b-92 method. All
methods performed on baru oil are described and standard-
ized by the American Oil Chemists Society [23].

To determine the nutritional quality of lipids, the compo-
sitions of fatty acids were used, by calculating the athero-
genicity (Al) and thrombogenicity (TI) indexes [24], accord-
ing to the following equations:

AI=C12:0+4><C14:0+C16:O )
XMUFA + X FA w6 + 2 FA @3 2)

_ Cl4:0+Cl16:0+C18:0

"~ (0.5X X MUFA) + (0.5 X Z FA w6) + (0.5 X £ FA @3)
3)

where C12:0, C14:0, C16:0, and C18:0 are relative percent-

age masses of lauric, myristic, palmitic, and stearic acids,

respectively; MUFA is the relative percentage mass of mon-

ounsaturated fatty acids; FA w6 and FA 3 are the relative

TI
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percentage mass of omega-3 fatty acids and omega-6 fatty
acids, respectively.

2.4.3 Total phenolic compounds (TPC) and total
carotenoids (TC)

The extracts for making the phenolic compounds were
prepared using 2 g of baru seed and 2 g of baru oil and
homogenized with 20 mL of ethanol. After 30 min, the
extract was filtered through filter paper, and the total vol-
ume increased to 50 mL with the addition of ethanol. The
extracts’ total phenolic compounds (TPC) were determined
using the Folin—Ciocalteau method, according to the meth-
odology described by Singleton & Rossi [25]. For the oxida-
tion reaction, 0.2 mL of Folin-Ciocalteu (2.0 N) was added,
followed by 2 mL of ultrapure water and 0.1 mL of the
obtained extracts. After 5 min, 1 mL of 10% sodium carbon-
ate (Na,CO;) was added to the complex. The mixture was
allowed to stand in the dark at room temperature for 60 min.
Absorbance was measured at 725 nm in a spectrophotom-
eter. The content of total phenolic compounds was deter-
mined from the standard curve of gallic acid in the range of
40 to 200 mg L', The results were expressed in the gallic
acid equivalent per 100 g sample (mg GAE 100 g~'). Phe-
nolic compounds were analyzed in the oil extracted by the
UP30 method and in the natura baru seed.

Carotenoid extraction was performed according to Rod-
riguez-Amaya [26] at a controlled temperature (20 °C) and
reduced lighting. First, 5 g was weighed and macerated
with 30 mL of acetone in a porcelain mortar. The mixture
was then added to a separatory funnel containing 50 mL of
petroleum ether and filtered three times in a row until the
residue was colorless. Next, 50 mL of acetone was added
to the extract, followed by carefully adding distilled water
(300 mL). After phase separation, the lower phase consist-
ing of water and acetone was discarded. Then, the ether
phase was washed five times with distilled water to remove
the acetone. The extracts obtained were used to read the
absorbance in a spectrophotometer at 450 nm (Rayleigh,
UV —1800). Results were expressed in mg 100 g~!. Total
carotenoid analyses were carried out in the oil extracted by
the UP30 method and in the natura baru seed.

2.4.4 Tocopherols

The profile of tocopherols was determined according to the
Ce 8-89 method of the AOCS [23] (2009), expressed in mg
100 g~!. In addition, the tocopherol profile was analyzed
in the oil extracted by the UP30 method and in the natura
baru seed. For the baru oil extraction process, 1 g of the
sample was dissolved in n-hexane. The almond extraction
process in natura was based on the alkaline saponification
method proposed by Zhu et al. [27]. Briefly, 0.25 g of the
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in natura samples were mixed with 2.5 mL of ethanol and
0.25 mL of 80% potassium hydroxide solution and vigor-
ously stirred. After shaking, the samples were incubated in
a water bath at 70 °C for 30 min, with periodic shaking
every 10 min. Then, the tubes were cooled in ice water for
5 min, and 1.5 mL of water and 2.5 mL of n-hexane were
added, which were vortexed for 30 s and then centrifuged
at 1000 x g at 20 °C for 10 min. The n-hexane layer was
transferred to vials. Then, 1 mL of hexane was added to each
vial for HPLC analysis. Tocopherols were analyzed using an
Agilent liquid chromatography (HPLC) system (model 7890
A) coupled to a fluorescence detector (model LC 305, Lab
Alliance — California — USA), using excitation wavelengths
of 294 nm and emission of 326 nm; a pump (Radpump III
model, Lab Alliance) and a LiChrospher SI 60 capillary col-
umn (250 x4 mm X 5 pm) were used. The isocratic elution of
the mobile phase consisted of n-hexane:ethyl acetate:acetic
acid (97.6:1.8:06, v/v/v), with a flow rate of 1.5 mL min~!
and volume of 250 pL injection. Quantification was per-
formed with external standardization with tocopherol stand-
ard 613,424-SET (Calbiochem-Merck). Tocopherol stand-
ards (mixture of a-, -, Y-, and d-tocopherols) were used for
confirmation and quantification purposes.

2.5 Stability during storage

To evaluate the stability of baru oil extracted by the method
that presented the best results (UP30), the oil obtained was
stored in an amber glass bottle and inertized in a nitrogen
atmosphere. After the inertization process, the oils were
held without the incidence of light in a BOD-type incubator
for 60 days at a controlled and stable temperature of 25 °C.
During this period, analyses were performed every 15 days
(totaling five analysis times). The response variables of the

UP30 oil analyzed during the storage period were identity
and quality analyses (peroxide, acidity, and iodine index),
tocopherol profile, and fatty acid profile.

2.6 Statistical analysis

Statistical analysis was performed using Statistica 10.0
software (StatSoft Inc., Tulsa, OK, USA). The experimen-
tal design of the extraction methods was carried out in a
2x2x2 factorial scheme, with pre-treatments (ultrasound
and microwave), times (15 and 30 min for ultrasound and 5
and 10 min for microwave) as variables, and the extraction
methods (press and Soxhlet), performed in triplicate. The
results of the different extraction methods were evaluated by
comparing the means, using the Tukey test at 5% (p <0.05)
to evaluate the statistical difference between the tested meth-
ods. In addition, the stability results were evaluated by com-
paring the means, using the Tukey test at a significance level
of 5% (p <0.05), through analysis of variance and regression
analysis to explain the changes due to the significant effect
of time.

3 Results and discussion
3.1 Preliminary tests

The effect of different solvents and sustainable techniques
on the yield response variables and peroxide and acidity
indexes in the extraction of baru oil are shown in Table 2.
The analysis of the mean values (Table 2) for the differ-
ent solvents applied showed that there were significant
differences (p <0.05) for the parameter total yield of
extractions. D-limonene showed a higher yield than the

Table 2 Results of preliminary
tests of solvents and sustainable

Preliminary test of ecological solvents (n=3)

techniques for yield, peroxide, Solvents Yield (%) Peroxide index (meq Kg™') Acidity (mg KOH g™
and acidity response variables, Ethanol 16.85+1.36° 13.63+0.10° 2.19+0.04°
using different solvents for fixed 2-METHF 18.76 +1.09 48.17+0.93° 1.60 +0.04°
oil extraction from baru seed d-limonene 42.80+1.20° 6.54+1.149 3324021
n-hexane 15.80+1.26° 11.58+0.21¢ 1.26+0.03¢
Preliminary test of sustainable techniques (n=3)
Ultrasound Yield (%) Peroxide index (meq Kg™") Acidity (mg KOH g™")
0 min 16.85+1.36* 13.63+0.10° 2.19+0.04°
15 min 16.11+0.44* 6.55+1.14° 3.32+0.01°
30 min 16.42 +0.54* 3.90+0.03° 3.95+0.14
Microwave
0 min 16.85+1.36* 13.63+0.10° 2.19+0.04%
15 min 15.16+0.88" 4.25+0.59° 2.29+0.41°
30 min 16.04 +1.49° 2.94+0.98° 2.72+0.09*

Results are expressed as mean + standard deviation. Means followed by equal letters in the same column do
not differ in significance by Tukey’s test at the 95% confidence level (p <0.05)

@ Springer



Biomass Conversion and Biorefinery

others (42.80%), followed by 2-METHF (18.76%), etha-
nol (16.85%), and n-hexane (15.80%). However, we can
observe no significant differences between the yield of
oil extracted with ethanol and n-hexane when evaluating
more concisely. Furthermore, according to Koztowska
et al. [28], oils extracted with polar solvents, such as etha-
nol, can cause extraction of polar materials (phospholip-
ids) in addition to neutral triacylglycerols and, therefore,
can provide higher oil yields, and act as critical structural
components of cell membranes and organelles, where they
operate as signaling molecules.

Another noteworthy point is the high yield obtained when
using a d-limonene solvent. This result is mainly due to the
problematic separation between the solvent and the extracted
oil after the extraction time. D-limonene is completely mis-
cible in oils and slightly polar [29]. Due to the fact that
d-limonene is miscible in oils, its evaporation is difficult;
thus, the extracted oil remains with a significant amount of
residual solvent. This fact can be observed by the charac-
teristic smell of the d-limonene solvent in the final oil after
its evaporation. The 2-METHF solvent showed promising
results for obtaining oil from baru seeds, with its extraction
yield (18.76%) being slightly higher than that obtained with
ethanol (16.85%). However, the peroxide index of the oil
extracted with 2-METHF showed values considered high
(48.17 meq Kg™"), which is above that recommended by the
Codex Alimentaruis [30], where the maximum acceptable
levels for the peroxide index are 10 meq Kg™! and 15 meq
Kg'l, for refined oils and cold-pressed and unrefined oils,
respectively. Based on the assumptions of the ecological sol-
vents tested, ethanol had the lowest yield but the best quality
solvent, with peroxide and acidity values within the stand-
ards standardized by the Codex Alimentaruis [30]. Because
it is an economically viable solvent, easily acquired, with
its use allowed in the food industry, and can be applied on
an industrial scale or even by small producers who process

baru, ethanol was chosen to continue the research and appli-
cation in other extraction methods.

The effect of different pre-treatments (ultrasound and
microwave) on the yield, peroxide value, and acidity of fixed
baru oil was also verified. Pre-treatment with sustainable
techniques precedes the extraction stage via Soxhlet with
ethanol, a solvent defined through preliminary tests as pre-
viously reported. Evaluating the mean values (Table 2) for
the ultrasound pretreatment, it is observed that the yield was
not affected by the sustainable technique applied (p <0.05).
However, there were significant differences (p <0.05)
between the different pre-treatment times applied for the per-
oxide and acidity response variables. The value of peroxide
and acidity indicates the quality or state of conservation of
oils and fats [31]. The pre-treatment, which precedes the
extraction process, has the primary objective of weakening
the cell structure that acts as a barrier to the release of oil.

Microwave and ultrasound are very versatile and efficient
extraction tools, and both can be used as a pre-treatment due
to their advantages, such as improving cell penetration of the
solvent, intensification of mass transfer, cell disruption, as
well as maintaining the qualities of the extracted oil [32-34].
Evaluating the results of the preliminary tests for the appli-
cation of pre-treatment in the extraction of fixed baru oil, it
is observed that the ultrasound and microwave pre-treatment
did not interfere with the performance of the tested param-
eters but were effective in reducing the peroxide oxidation of
the analyzed samples, resulting in more excellent oxidative
stability. Thus, applying pre-treatment becomes feasible for
the extraction of fixed baru oil.

3.2 Evaluation of the best conditions for extracting
baru fixed oil

Table 3 presents the ANOVA results for fixed baru oil extrac-
tion and the possible interactions between the variables. For

Table 3 Results of the ANOVA
chart for yield, peroxide, and

Causes of variation

Mean square of variables

acidity variables using different GL Yield Peroxide index Acidity
methods for fixed oil extraction - Ny
from baru seed Pre-treatment 1 3.103204 3.993504 2.419350
Time 1 2.713537" 5.870704" 0.620817"
Extraction 1 0.445538 116.556338" 20.020267"
Pre-treatment X time 1 0.136504 0.670004 0.000017
Pretreatment X extraction 1 0.014504 3.993504" 1.480067"
Time X extraction 1 0.037604 5.870704" 0.256267"
Pretreatment X time X extraction 1 0.110704 0.670004 0.064067
Error 16
Total corrected 23
CV (%) - 4.78 25.86 7.34
Overall average - 16.07 2.20 2.16

*Significant at the 5% significance level by the F test

@ Springer



Biomass Conversion and Biorefinery

the yield parameter, it was possible to notice that there was
a significant interaction only in the isolated variables pre-
treatment and time. On the other hand, for the parameters
of peroxide and acidity, all factors studied had a significant
effect, except for the interaction between pre-treatment/time
and pre-treatment/time/extraction technique.

Evaluating the yield in relation to the pre-treatment, the
oil samples that used ultrasound as a pre-treatment showed
a yield of 16.43%, with a yield 4.6% higher than the sam-
ples that used microwaves as pre-treatment (15.71%), dem-
onstrating a significant difference (p <0.05) between both.
Numerically, the difference in yield was relatively small;
however, this difference, when taken to an industrial scale,
in which tons of oil are extracted in large proportions, can
generate a significant impact on the final yield of produc-
tion. Evaluating the peroxide index, it is observed that the
analysis of variance (Table 3) did not indicate a significant
influence between the pre-treatment X time interaction; how-
ever, when a detailed analysis is carried out, a difference is
found (p <0.05) between the times used for the ultrasound
pretreatment. Table 4 presents the peroxide and acidity index
averages, evaluating the pre-treatment and extraction meth-
ods in time.

Table 4 shows that when using ultrasound as pretreat-
ment, the time of 30 min (1.95 meq Kg_l) showed lower
peroxide results compared to the time of 15 min (3.27 meq
Kg™!) regardless of the extraction method used. When
microwaves were used as a pretreatment, there was no sig-
nificant difference between peroxide values, regardless of
the extraction method (p < 0.05). Evaluating the peroxide
index by the type of extraction over time, it is observed
that when the extraction was performed by hydraulic press,

Table 4 Statistical analysis of the averages for the peroxide and acid-
ity index of fixed baru oil, evaluating time about pre-treatments, and
extraction methods

Interactions (peroxides) Time (min)
5 10 15 30
Pre-treatments Ultrasound'  — - 327 1.95°
Microwave' 2.12* 147*° - -
Extraction methods Press? 0.00° 0.00" 0.00° 0.00°
Ethanol? 4.25% 294* 6.55* 3.90%
Interactions (acidity) Time (min)
5 10 15 30
Pre-treatments Ultrasound' — - 231> 2.64°
Microwave! 1.68° 2.00*° - -
Extraction methods Press’ 1.07° 1.28° 1.31° 1.32%
Ethanol? 2.29% 2.72* 3.32*% 395

"Means followed by equal letters on the same line do not differ sig-
nificantly from each other at the 95% confidence level by Tukey’s test
(p<0.05). 2Means followed by equal letters in the same column do
not differ significantly at the 95% confidence level by Tukey’s test
(p<0.05)

regardless of the pre-treatment used, no peroxide index was
identified in the samples. Low peroxide values indicate low
lipid oxidation in the fixed baru oil samples. For the samples
using a solvent in the extraction, there was an increase in
the peroxide value, which can be attributed to the heating of
the solvent, which is necessary for Soxhlet extraction and
evaporation of the residual solvent, causing possible degra-
dation in the sample. In this sense, both for acidity and for
peroxides, the absence of significant differences (p <0.05)
between the pre-treatment X time interaction in the analy-
sis of variance was observed. However, when conducting a
detailed analysis, significant differences were found between
the samples (p <0.05) between the ultrasound and micro-
wave pretreatment times.

Increasing the ultrasound pretreatment time from 15
to 30 min and the microwave pretreatment time from 5 to
10 min increased the acidity value. This detection, in acid-
ity values, is due to triglyceride hydrolysis reactions, which
can occur with increasing time in which the sample was
exposed to pre-treatment [35]. Evaluating the averages for
the type of extraction over time, it is observed that when the
extraction was performed using a hydraulic press, regardless
of the pre-treatment used and at all different times, the acid-
ity values were lower than when comparing the extracted
samples using ecological solvents (ethanol), a fact that can
be attributed to the variation in the temperature required for
extraction with solvents, since this parameter is associated
with the thermal susceptibility of the triglycerides and the
increase in the free fatty acid content of the extracted oil
[36]. In this sense, the proposed treatment UP30 (30-min
ultrasound pre-treatment + extraction with a hydraulic press)
presented the best characteristics according to the analyzed
parameters. Thus, this method will be used for the other
analyzes of this study.

3.3 Fatty acids

The fatty acid profile and composition of baru oil are shown
in Table 5. The fatty acid composition of baru oil indicated
the presence of five saturated fatty acids (C16:0, C18:0,
C20:0, C22:0, and C24:0), four monounsaturated fatty
acids (C18:1, C20:1, C22:1, and C24:1), and two polyun-
saturated fatty acids (C18:2, C18:3). The main fatty acid
identified as oleic acid C18:1 (45.90%) followed by linoleic
acid C18:2 (25.96%). The content of monounsaturated fatty
acids (AGM) (48.91%) was higher than the content of poly-
unsaturated fatty acids (AGP) (26.04%) and saturated fatty
acids (AGS) (20.28%). This profile compares to the fatty
acid profile reported for the gurguéia nut (Dipteryx lacu-
nifera Ducke), where the authors reported low content of
saturated fatty acids (20.66%) and high contents of mono
and polyunsaturated fatty acids (75.56%) [37].
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Table5 Fatty acid composition of fixed baru oil extracted by the
UP30 method (30-min ultrasonic pretreatment+ extraction with the
hydraulic press)

Identification

Fatty acids Lipid numbers Composition (%)

Palmitic C 16:0 5.72
Stearic C 18:0 4.82
Oleic C18:1 45.90
Linoleic C18:2 25.96
a-Linolenic C18:3 0.08
Arachidic C 20:0 1.23
cis-11-Eicosenoic C20:1 2.65
Behenic C22:0 4.10
Erucic C22:1 0.30
Lignoceric C24:0 441
Nervonic C24:1 0.07
Saturated > SFA 20.28
Monounsaturated > MUFA 48.91
Polyunsaturated > PUFA 26.04
®3 Y -3 0.08
®6 Y -6 25.96
®9 Y -9 48.85

A significant concentration of AGM and AGP stands out,
emphasizing the fatty acid linoleic (w6), which presented
a concentration of 25.96%. Humans do not synthesize this
polyunsaturated fatty acid. Therefore, it must be provided
through foods containing them, vegetable oils being the main
source of this essential fatty acid. Thus, baru oil becomes
a promising source for obtaining this compound [38, 39].
The reduced content of saturated fatty acids (20.28%), in
relation to the high average content of monounsaturated
and polyunsaturated fatty acids (74.95%) in baru seed oil,
maybe the main characteristic attributed to the use of baru
oil to reduce the risk of cardiovascular diseases [40]. Due
to the fatty acid profile and predominance of unsaturated
lipids, baru oil seems suitable for human consumption. In
addition, unsaturated fatty acids have often been associated
with the modulation of energy metabolism, acting directly
in preventing diseases associated with hepatic and vascular
lipotoxicity [41].

3.4 Identity and quality standards of baru oil

The baru oil extracted by the UP30 treatment showed refrac-
tive index values of 1.46. This parameter indicates the gen-
eral degree of unsaturation of the oil and is often used as a
criterion for detecting the purity value of extracted oils [36,
42]. The iodine value measures the total number of double
bonds (unsaturation) in the oil sample [43]. The iodine value
was 88.68 g I, 100 g~ !. The value of the saponification index
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for the baru oil extracted in this study was 180.41 mg KOH
g~!. In food terms, the higher the saponification index, the
better the oil for food [44]. Nevertheless, the saponification
index defines approximately the average size of the carbonic
chain of the fatty acids present in the composition of the
lipid sample. The lower the average molecular weight of the
fatty acids, the higher the value of the saponification index.
Therefore, unsaturated fatty acids have a lower molecular
weight than saturated fatty acids [45].

The unsaponifiable matter content of baru oil found in
this study was 1.49%. The unsaponifiable matter of vegeta-
ble oils consists of minor compounds, such as tocopherols,
phytosterols, phenolic compounds, and carotenoids, which
have antioxidant activity and protect the oil from oxida-
tion [39]. Baru oil showed relatively low oxidative stability
(2.37 h at 120 °C). Oxidative stability is the time required
to reach the point where one or both of the oxidative param-
eters, including peroxide value, is suddenly increased after
going through an incremental process and causes an unpleas-
ant taste and smell in the oil or extracted product [36]. The
longer the induction time, the more stable the oil remains.
The low stability of baru oil may be related to the high con-
tent of linoleic acid (C 18:2) (Table 5), a compound more
prone to oxidation [46]. The refractive index, iodine index,
and saponification index are related to the amount of unsatu-
rated fatty acids in the sample. Baru oil is rich in unsaturated
fatty acids. Therefore, the abovementioned levels match the
unsaturated fatty acid content of baru oil (74.95%). Edi-
ble vegetable oils, especially those with a high content of
unsaturated fatty acids, have beneficial health effects, such
as lowering cholesterol and preventing atherosclerosis [47].

The atherogenicity index (AI) and the thrombogenicity
index (TI) are lipid health indices that take into account the
effects of saturated and unsaturated fatty acids on the devel-
opment of coronary heart disease [24]. The atherogenicity
and thrombogenicity indices for the extracted baru oil were
0.08 and 0.28, respectively. The results found in this study
show low Al and TI values, which characterizes a positive
potential of baru oil, given that lower Al and TI values (close
to zero) are favorable, as they represent a higher content of
antiatherogenic fatty acids and therefore can prevent coro-
nary heart disease. Antiatherogenic lipids inhibit plaque
aggregation and decrease the levels of esterified fatty acids,
cholesterol, and phospholipids, preventing the appearance
of micro and macro coronary diseases [48].

3.5 Bioactive compounds and tocopherol profile

Table 6 presents the values of phenolic compounds, total
carotenoids, and tocopherols for the baru oil extracted with
the UP30 treatment and for the baru seed in natura. It is
observed that all the values of the analyzed parameters
(Table 6) present significant differences (p < 0.05) when



Biomass Conversion and Biorefinery

Table 6 Analysis of phenolic

: Analyses
compounds, total carotenoids,

Baru oil (UP30) Baru almond

and tocopherols of baru fixed
oil extracted by UP30 treatment

: -1
and of baru seed in natura Total carotenoids (mg 100 g™

a-tocopherol (mg 100 g™1)
p-tocopherol (mg 100 g~1)
y-tocopherol (mg 100 g=1)
8-tocopherol (mg 100 g1
Tocopherol total (mg 100 g~1)
Vitamin E (UI 100 g7})

Vitamin E expressed as a-tocopherol (mg 100 g™")

Phenolic compounds (mg GAE 100 g™1)

4.02+0.20° 655.42+0.10°
nd 0.21+0.72
6.06+£0.11 1.61+0.04°
nd 0.15+0.02
4.87+0.16* 0.83+0.04°
nd nd

10.94% 2.60°

7.00° 2.00°

6.73° 1.77°

Results showing mean + standard deviation, means followed by equal letters on the same line, do not differ
significantly from each other at the 95% level by the 7 test (p <0.05); nd, not detected

comparing the oil and the seed in natura. It is observed
that the value of phenolic compounds in the seed is higher
in relation to the extracted oil. The value of phenolic com-
pounds found in baru oil after extraction was 4.02 mg EAG
100 g~!. This difference between the values of phenolic
compounds in the seed about the extracted baru oil may be
related to the extraction method used. Pineli et al. [49] also
observed a reduction in the content of phenolic compounds
after the production of partially defatted baru flour and
reported that this loss of phenolic compounds might be
related to the unit operations involved in oil extraction and
flour processing. Heating during pressing and the distri-
bution of compounds between the oil and the cake can be
the leading causes of the loss of phenolic compounds. For
carotenoids, behavior similar to phenolic compounds was
identified. There was a decrease in the value of carotenoids
in the extracted oil in relation to the seed. No carotenoids
were identified in the extracted baru oil; a relatively low
value of 0.21 mg 100 g~! was identified in the seed. Thus,
the extraction of baru oil using a hydraulic press cannot
be considered a viable alternative for processes aimed at
obtaining lipid extracts rich in phenolic compounds and
flavonoids.

Table 6 shows the values of tocopherols in baru oil and
in natura seed. To analyze tocopherols, the opposite of what
was reported for phenolic and carotenoid compounds was
observed. The extraction of baru oil provided higher lev-
els of tocopherols than the in natura seed, with 10.94 mg,
100 g1, and 2.60 mg 100 g™, respectively. This increase
in tocopherols in the seed for baru oil is possibly due to the
application of ultrasound pretreatment to the seed before
extraction. In their study, Liu et al. [18] reported an increase
in total tocopherols after applying pre-treatment with ultra-
sound for oil extraction from Iberis amara seed. According
to Sicaire et al. [15], the implosions are caused by applying
ultrasound fragments or breaking the surfaces of the solid
matrix, increasing mass transfer, and accelerating diffusion.
This way, the oil extraction process with ultrasound and

hydraulic press positively transferred tocopherols from the
seed to the baru oil.

3.6 Stability during storage

Storage stability was performed for 60 days at 25 °C and
evaluated using several response variables. Table 7 presents
the main variations between the proposed analyses during
the shelf life of the fixed baru oil.

The data referring to the peroxide content (Table 7) shows
that the storage time (days) exerted a significant influence
(» £0.05) on the quality parameters of baru oil. It is pos-
sible to observe a gradual increase in the peroxide index
identified after the 45th day, starting the degradation of the
fatty acids present in the baru oil. Peroxide is the primary
parameter in evaluating the oxidation of the lipid content of
different products; generally, when unsaturated fatty acids
are present in large amounts, the oil is more prone to oxida-
tion [36]. A significant increase in the peroxide value was
observed from the 30th day (0.15 meq Kg~!) to the 45th day
(2.98 meq Kg™!). A new increase was registered from the
45th day to the 60th day, with a value of 4.32 meq Kg~!. The
recorded values are within the standards (15 meq Kg™') of
the Codex Alimentarius [30] defined for the peroxide index;
with the passing of the days of storage, a gradual increase in
the peroxide value is observed. This increase during storage
is due to the oxidation and degradation of unsaturated fatty
acids due to oxidation reactions identified after the 45th day,
with baru oil being rich in unsaturated fatty acids (74.95%),
as per Table 5.

The averages for the acidity index in the fixed baru oil
(Table 7), stored for 60 days, we can observe that the stor-
age time had a significant influence (p <0.05) on the acid-
ity values. The results demonstrate a gradual decrease over
the storage days, ranging from 1.32 mg KOH g~! (1st day)
to 0.82 mg KOH g~! (60th day). All acidity results, meas-
ured over 60 days, are within the Codex Alimentarius [30]
standards (4.0 mg KOH g~!) defined for acidity value. The
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Table 7 Index of peroxides,

RO Analyses Times (days)
acidity, iodine, the profile of
tocopherols, and fatty acids of 0 15 30 45 60
baru oil UP 30, during 60 days
of storage Peroxide index (mEq O, Kg’l) nd nd 0.15+0.01° 2.98+0.04" 4.32+0.01*
Acidity index (g KOH Kg™') 1.32+0.06* 1.10+£0.02° 1.18+0.08° 1.09+0.02° 0.82+0.09
Todine index (I, 100 g 88.68+£0.12* 86.62+0.14° 86.71+0.10° 86.72+0.08" 86.56+0.11°
Tocopherols
a-tocopherol (mg 100 g™} 6.06+0.11*  526+0.25° 522+0.12° 522+0.06° 5.00+0.10°
B-tocopherol (mg 100 g"l) <LOQ <LOQ <LOQ <LOQ <LOQ
y-tocopherol (mg 100 g™')  4.87+0.16* 3.04+0.11° 2.96+0.29° 2.88+0.03° 2.43+0.03¢
d-tocopherol (mg 100 g_') <LOQ <LOQ <LOQ <LOQ <LOQ
Total tocopherols 10.94+0.01* 8.30+0.33° 8.18+0.24° 8.10+0.18° 7.43+0.14¢
Fatty acids
Palmitic 5.72 5.58 5.63 5.64 5.61
Stearic 4.82 5.16 5.14 5.19 5.18
Oleic 45.90 45.95 45.98 45.95 46.03
Linoleic 25.96 2491 24.94 24.96 24.97
a-Linolenic 0.08 nd nd nd nd
Arachidic 1.23 1.32 1.35 1.33 1.33
cis-11-Eicosenoic 2.65 2.75 2.79 2.78 2.74
Behenic 4.10 4.24 4.21 4.24 4.25
Erucic 0.30 0.32 0.33 0.33 0.33
Lignoceric 441 4.68 4.68 4.67 4.68
Nervonic 0.07 0.08 0.07 0.08 0.08
SFA 20.28 20.99 21.07 21.08 21.06
MUFA 48.91 49.10 49.17 49.15 48.85
PUFA 26.04 2491 24.94 24.96 25.30

Results are expressed as mean =+ standard deviation. Means followed by equal letters in the same line do
not differ in significance by Tukey’s test at the 95% confidence level (p <0.05); < LOQ, below the limit of

quantification; nd, not detected

increase in an o0il’s acidity index indicates the breakdown of
triacylglycerols and the degradation of the product since the
higher the oil’s acidity, the higher its concentration of free
fatty acids [50]. Therefore, the results obtained in this work
for the acidity index indicate a satisfactory decrease since it
corresponds to low levels of free fatty acids present in the
oil. Regarding the iodine index (Table 7), it is possible to
verify the decline in the iodine value from 88.68 1, 100 g™
(day 1) to 86.56 I, 100 g~ ! (day 60), indicating the influence
of time (p <0.05) on the product. Generally, a decrease in
the iodine index is expected due to the reduction in the con-
tent of polyunsaturated fatty acids, provided by oxidation,
dependent on time [49].

The storage time exerted a significant influence (p <0.05)
in relation to the parameter of total tocopherols. The behav-
ior observed in Table 7 indicates a decrease in the values of
tocopherols in fixed baru oil, from 10.94 mg 100 g~' (Ist
day) to 7.43 mg 100 g~! after 60 days of storage, this being.
The same behavior was verified when analyzing the tocophe-
rols individually (a-tocopherol, f-tocopherol, y-tocopherol,
and d-tocopherol). Tocopherols are natural antioxidants
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found in many vegetable oils. However, the decrease of
tocopherols in the oil during storage is possibly linked to
oxidative reactions and cell damage [51], as observed by
the onset of oxidative degradation reactions detected by the
presence of peroxides after 45 days (Table 7).

The ANOVA and linear regression results were analyzed
for the total amount of saturated, monounsaturated, and
polyunsaturated fatty acids. The values presented indicate
that the storage time significantly influenced (p <0.05) the
values of fatty acids in baru oil. Data referring to saturated
fatty acids (Table 7) show that storage time had a significant
influence (p <0.05) on its value. Therefore, it is possible
to observe a slight increase in AGS after 60 days, going
from 20.28% (1st day) to 21.06% (60th day). Table 7 also
presents the results for monounsaturated fatty acids in fixed
baru oil. The results show a gradual decrease over the days
of storage with values of 48.91% (1st day) and 48.85% (60th
day), showing a significant difference (p <0.05), with the
same behavior observed in polyunsaturated fatty acids,
with a decrease of 26.04% (1st day) and 25.30% (60th day).
In general, and evaluating the results of fatty acids, it is
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observed that the amount of unsaturated fatty acids (mono
and poly) decreased at the same time that saturated fatty
acids increased. This is due to the degradation and oxida-
tion of unsaturated fatty acid chains that are degraded by
oxidation processes with O,, resulting in the degradation of
all fat chains (saturated and unsaturated) [52]. Unsaturated
fatty acids are unstable and susceptible to oxidation even at
room temperature [53]. The most significant proportion in
relation to the decrease of unsaturated fatty acids occurred
in AGP. Bonds in polyunsaturated fatty acids are more reac-
tive than a double bond in a monounsaturated chain during
lipid oxidation [54].

During storage or handling, the utmost care must be taken
to avoid oil contamination with oxygen. Oil can normally
absorb 2% oxygen when stored in contact with air. If any
significant amount of this absorbed air reacts with the oil, its
quality will deteriorate [55]. The concentration of dissolved
oxygen in the oil is important in the oxidative process, with
the solubility of oxygen being greater in virgin oil than in
refined oil, which, theoretically, would make it more suscep-
tible [56]. Thus, the correlation of the results of fatty acids
is consistent with the other results presented. The oxidation
of baru oil, extracted by the UP30 method, began after the
45th day, thus resulting in higher peroxide indices, loss of
essential compounds such as tocopherols, and the break-
ing of mono and polyunsaturated fatty acid bonds, with an
increase in the amount of saturated fatty acids.

4 Conclusions

Baru seed is rich in lipids and has shown promise for fixed
oil extraction. Evaluating the extraction conditions with
different solvents, it was concluded that ethanol was the
ecological solvent that presented the lowest yield; it pro-
vided one best quality oil, with peroxide and acidity values
within the established by law. The test carried out with the
pre-treatment with ultrasound and microwaves, at differ-
ent times, proved to be essential for the extraction of fixed
baru oil, with the application of the pre-treatment being
optimistic about the peroxide and acidity quality indicators.
Among the different methods of extraction tested for the
extraction of fixed oil from the baru seed, the method using
ultrasound as pre-treatment, in the time of 30 min extracted
with a hydraulic press, was the method chosen to carry out
the characterization.

The characterization of baru oil indicates that baru oil
has a higher composition of unsaturated chains, which con-
tribute to reducing the risk of obesity and cardiovascular
disease. The characterization analyses of the fixed baru oil
extracted by the UP30 method demonstrated that the cold
pressing process using ultrasound as a pre-treatment did
not interfere with the characteristics of the baru oil and can

be a viable technology to replace the traditional process of
hot solvent oil extraction such as Soxhlet. The oxidative
stability of baru oil, extracted by the UP30 method, was
considered relatively low, and its storage stability at 25 °C
showed the beginning of oxidation after 45 days of storage.
During storage, the decomposition of baru oil extracted by
the UP30 method requires unique methods to protect it from
pro-oxidative factors, such as oxygen, temperature, and light,
not being considered a stable oil at a temperature of 25 °C.
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