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ARTICLE INFO ABSTRACT

Keywords: Peach palm (Bactris gasipaes) is a promising tropical resource, yet its fruit oils remain poorly understood from
Am_amnia“ Pahfl °i_1 both chemical and structure—function perspectives. This study investigated how the fruit fraction (pulp and peel)
Fruit peel valorization and the extraction protocol modulated the chemical composition, multiscale organization, and technological
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functionality of peach palm oils. Oils obtained from pulp and peel using conventional isooctane- and ethanol-
based protocols were evaluated through an integrated chemical, thermal, structural, and rheological
approach. The oils were characterized for fatty acid profiles, lipid quality indices, predicted triacylglycerol
composition, carotenoids, thermal transitions by differential scanning calorimetry, crystal morphology by
polarized light microscopy, supramolecular and crystalline organization by small- and wide-angle X-ray scat-
tering/diffraction, and oscillatory rheology at 20 °C. Rheological measurements were performed only on samples
that exhibited structured behavior at room temperature, namely, pulp oil obtained using the isooctane-based
protocol and peel oil obtained using the ethanol-based protocol. All oils were rich in oleic acid, reaching up
to 63.98%, and displayed favorable lipid quality indices, including low atherogenicity and thrombogenicity
indices. The predicted triacylglycerol profiles suggested a predominance of mixed saturated—unsaturated species,
especially palmitoyl-dioleoyl-glycerol, a monounsaturated—dipalmitoyl-oleoyl-glycerol, followed by trioleoyl-
glycerol and dipalmitoyl-oleoyl-glycerol. Carotenoids, particularly p-carotene and lycopene, were detected at
measurable levels, with protocol- and fraction-dependent differences; lycopene was not detected in pulp oil
extracted with ethanol. Differential scanning calorimetry revealed complex crystallization and melting behavior,
with room-temperature structuring that depended on the combined effects of the extraction protocol and the fruit
fraction. Pulp oil obtained via the isooctane-based protocol and peel oil obtained via the ethanol-based protocol
exhibited melting/crystallization events extending to approximately 20 °C and behaved as semi-solid systems.
Microscopy, scattering/diffraction, and rheology supported the development of interconnected crystal networks
and organized lipid domains only in these structured oils. Overall, extraction conditions and tissue fraction
jointly governed lipid organization and functionality, supporting the use of peach palm pulp and peel oils as
potential ingredients for future food and cosmetic formulation studies.

1. Introduction energy sources, supplying essential fatty acids, and serving as carriers
for lipophilic bioactives and micronutrients (Polmann et al., 2024;
Vegetable oils play a central role in human nutrition, acting as major Gualberto et al., 2025; Morais et al., 2022, Tian et al., 2023). Beyond
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their dietary relevance, vegetable oils are fundamental techno-
functional ingredients in food systems, where their fatty acid profile
and triacylglycerol (TAG) distribution govern crystallization, poly-
morphic behavior, and the formation of fat crystal networks that ulti-
mately control texture, spreadability, mouthfeel, and process stability.
Minor constituents, such as carotenoids, tocopherols, and phytosterols,
further contribute to nutritional value and may influence physical
behavior by interacting with lipid assemblies and affecting phase or-
ganization (Ibiapina et al., 2021). Therefore, understanding oil compo-
sition together with multiscale structural organization is increasingly
necessary to rationally design products with tailored functionality (e.g.,
structured emulsions, semi-solid fats, and fat-based matrices) while
meeting nutritional expectations.

In the current scenario, the demand for novel and sustainable lipid
sources has intensified due to the need to diversify the global oil supply
chain, reduce dependence on a limited number of commodity oils, and
mitigate the environmental and socio-economic impacts associated with
conventional oilseed cultivation, such as land use change, deforestation,
and high agricultural inputs (Tian et al., 2023). In parallel, economic
drivers, including price volatility, supply insecurity, and the growing
industrial demand for fats with specific functionality, have further
accelerated the search for alternative oils capable of delivering consis-
tent structure and performance in foods. In this context, there is
increasing interest in valorizing lipid sources from underexplored re-
gions, particularly Amazonia, that can be obtained from non-intensive
systems, agroforestry practices, or extractive chains, contributing to
biodiversity conservation and local economic development is essential
to define their potential as structured lipids and as carriers of lipophilic
bioactives for food and cosmetic applications. (Montoro-Alonso et al.,
2025).

Peach palm (Bactris gasipaes), an Amazonian species in the family
Arecaceae, is a promising source of edible oils. Its fruits present signif-
icant lipid contents (approximately 7.5% in the peel and 6.5% in the
pulp), and the extracted oils are characterized by a predominance of
unsaturated fatty acids, particularly oleic acids (54%), resulting in a
relevant proportion of polyunsaturated fatty acids, which are nutri-
tionally desirable and technologically relevant for food and cosmetic
applications (Ibiapina et al., 2021; Sousa et al., 2025). Moreover,
notable concentrations of natural pigments, especially carotenoids
(around 34.74 mg 100 g~ in the peel), can be co-extracted with the oil,
conferring it a remarkable health-promoting capacity (Miranda et al.,
2024; Sousa et al., 2025). Yet, despite its chemical characteristics,
peach palm fruit remains underexploited for lipid valorization, as its
industrial use is still largely focused on fresh consumption and starch-
rich products, with lipid-rich fractions often overlooked. The inte-
grated use of peach palm fruit fractions, particularly the peel, which is
commonly underutilized during processing, offers an opportunity to
obtain value-added lipid ingredients. This approach may contribute to
resource efficiency and circular bioeconomy strategies by expanding the
use of Amazonian fruit fractions that are currently undervalued. How-
ever, it is important to distinguish the sustainability potential associated
with biomass valorization from the environmental limitations of the
extraction procedures used to recover lipids. In the present study, the
oils were obtained using conventional solvent-based extraction pro-
tocols, including isooctane- and ethanol-based protocols.

The extraction process used to separate the lipid fraction plays a
decisive role in the yield and characteristics of vegetable oils. Tradi-
tional non-polar solvents, such as isooctane and n-hexane, are effective
for solubilizing non-polar lipids, but their toxicity, fossil-based origin,
volatility, and environmental concerns have spurred the search for safer,
more sustainable alternatives (Freitas et al., 2024; Morais et al., 2025).
Ethanol, in contrast, is generally regarded as a more environmentally
acceptable solvent due to its lower toxicity, biodegradability, and po-
tential renewable origin, although its sustainability also depends on
source, recovery, and process conditions (Gomaa et al., 2022; Menezes
Silva et al., 2023). Therefore, the comparison between the isooctane-
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based and ethanol-based protocols in this study should not be inter-
preted as a comparison between unsustainable and fully green extrac-
tion methods, but rather as an evaluation of two conventional solvent-
based protocols with distinct polarity and operating conditions.
Furthermore, the technological performance and functional properties
of oils are closely related to their molecular organization and their
thermal and rheological properties. The fatty acid composition of
triacylglycerols, particularly the proportion of monounsaturated fatty
acids, together with minor lipid components, such as carotenoids,
can influence triacylglycerol crystallization pathways and affect poly-
morphism, viscosity, and melting behavior (Sivakanthan et al., 2022).
These attributes are essential for predicting product stability, texture,
and performance in food formulations.

Despite the chemical and functional potential of peach palm fruit
oils, limited information is available on the multiscale relationships
between their composition, structural organization, and technological
behavior. In this study, two conventional solvent-based extraction pro-
tocols were compared: an isooctane-based protocol and an ethanol-
based protocol. These protocols differed not only in solvent polarity
but also in extraction time, temperature, mechanical treatment, and
separation steps. Therefore, the observed differences were interpreted as
effects of the overall extraction protocol rather than as the isolated effect
of solvent polarity. Based on this premise, the aim of the present study
was to investigate how fruit fraction and extraction protocol influence
the chemical profile, lipid quality indices, estimated triacylglycerol
composition, carotenoid content, differential scanning calorimetry,
polarized light microscopy, small- and wide-angle X-ray scattering, and
rheological properties of peach palm pulp and peel oils. The novelty of
this study does not lie in the extraction procedures themselves, which
are conventional solvent-based protocols, but in the integrative char-
acterization of peach palm oils using complementary chemical, thermal,
structural, and rheological techniques, providing new insights into the
structure-function behavior of this underexplored Amazonian lipid
source.

2. Materials and methods
2.1. Chemicals and reagents

Isooctane (>99.0%) and pentane (>99.0%) were purchased from
Sigma Aldrich (Milan, Italy). Absolute ethanol was purchased from
Sigma Aldrich (Sao Paulo, Brazil). The fatty acid standards used were 20,
including saturated (lauric, myristic, pentadecanoic, palmitic, hepta-
decanoic, stearic, arachidic, heinecosanoic, behenic, tricosanoic, and
lignoceric acids), monounsaturated (palmitoleic acid n7 and n9, hepta-
decenoic, oleic, and eicosenoic acids), and polyunsaturated (linoleic,
a-linolenic, eicosadienoic, and cis-13,16-docasadienoic acids) purchased
from Sigma Aldrich (Milan, Italy).

2.2. Sample

Peach palm fruits (Bactris gasipaes) were obtained in the state of Pard,
Brazil (latitude 08°01'43" S, longitude 50°01'53" W), located in the
Amazon region. The fruits used in this study corresponded to ripe
Amazonian peach palm fruits characterized by a red-orange peel and
yellow-orange pulp, as shown in Fig. 1. The fruits were washed and
sanitized with 100 ppm sodium hypochlorite. They were then manually
separated into peel, pulp, and seed fractions. The peel and pulp fractions
were dried in an air-circulation oven (Solab, SL102, Brazil) at 50 °C until
a constant weight was reached. The dried pulp and peel were ground in a
knife mill to a standard particle size of 1.00 mm (Tecnal, TE-650, Brazil),
yielding peach palm pulp and peel flours. The flours were vacuum-
packed and stored at —20 °C until analysis.
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Whole ripe fruits

Halved fruit
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Pulp flour

Fig. 1. Representative visual documentation of the peach palm (Bactris gasipaes) fruits used in this study, including whole ripe fruits, halved fruit, separated peel and
pulp fractions, and the corresponding peel and pulp flours obtained after drying and milling.

2.3. 0il extraction protocols

Oils were extracted from peach palm pulp (PU) and peel (PE) flours
using two extraction protocols, which differed in both solvent polarity
and operating conditions. For the non-polar protocol, 50 g of PU or PE
flour was mixed with 500 mL of isooctane analytical grade (A.G) (solid-
to-solvent ratio 1:10, w/¥) in glass bottles and homogenized using an
Ultra-Turrax (T18, IKA) at 10,000 rpm for 15 min. The mixtures were
filtered through quantitative filter paper, and isooctane was removed
using a rotary evaporator (Heidolph, Germany) coupled to a vacuum
pump (Vacuum Pump V-700, Biichi, Switzerland), with the water bath
maintained at 60 °C under vacuum. After solvent removal, the recovered
oils were briefly re-dissolved in a small volume of analytical-grade
pentane to facilitate quantitative transfer from the evaporation flask to
amber vials and to minimize sample losses during handling. Pentane was
selected for its high volatility and completely evaporated under a gentle
nitrogen stream immediately after transfer. The vials were flushed with
nitrogen and stored at —20 °C until analysis. Resulting in isooctane-
based protocol pulp (PU-ISO) and isooctane-based protocol peel (PE-
ISO) treatments. This step was used only for sample recovery and
transfer and was not intended as an additional extraction step. All ma-
nipulations were performed as rapidly as possible and protected from
direct light to minimize carotenoid degradation.

For the polar protocol, 50 g of PU or PE flour was mixed with 500 mL
of ethanol (A.G) (1:10, w/v), incubated at 50 °C for 4 h under constant
agitation, and then filtered and centrifuged at 17,000 rpm at 4 °C to
separate the solvent from the oil. The headspace of the vials containing
the extracted oils was flushed with nitrogen, and samples were stored at
—20 °C until analysis. Resulting in ethanol-based extraction protocol
pulp (PU-ET) and ethanol-based extraction protocol peel (PE-ET)
treatments. Extraction yield was determined gravimetrically as the ratio
of the mass of oil recovered after solvent removal to the initial dry mass
of the flour used, expressed as a percentage (%).

2.4. Chemical characterization

2.4.1. Fatty acid composition

The reference procedure was performed according to the method
described in the International Olive Council (IOC) (2017) method
T20-33-rev-1. Aliquots of 0.1 g of oil were mixed with 2 mL of n-heptane
and 0.2 mL of 2 N methanolic KOH solution, shaken vigorously for 30 s,
then left to stratify. The upper phase containing fatty acid methyl esters
was analyzed (injection volume 1 pL). The analysis was carried out on a
Gas Chromatograph (GC) Trace 1300 (Thermo Fisher Scientific) coupled

to an FID detector. The chromatographic conditions were as follows:
capillary column of fused silica SP-2330 (Supelco, USA), 60 m long with
0.32 mm internal diameter, filled with 0.2 pm polyethylene glycol. The
operating conditions were: Split injection, 50:1 ratio; Column temper-
ature: 100 °C for 5 min, programmed to 200 °C at 5 °C min~}, then to
240°Cat3°C min’l, held for 8 min (total run time 40 min). Helium was
the carrier gas at a constant pressure of 130 kPa. Injector and detector
temperatures are both 250 °C. Fatty acid standards were used to identify
compounds by comparing the retention times of detected peaks with
those of the corresponding reference standards. No internal standard or
response correction factors were applied for quantitative calibration.
Therefore, the fatty acid results were expressed as relative composition,
calculated from the percentage of each fatty acid methyl ester's peak
area relative to the total identified peak area.

2.4.2. Nutritional and health indices

Based on the fatty acid composition of PU and PE extracted oils, the
nutritional value (NVI), atherogenicity (AI), thrombogenicity (TI) and
hypo- and hypercholesterolemic (HH) were calculated (Chen & Liu,
2020) according to the following equations:

(C18:0+C18:1)

NVI="""¢16:0) )
ap— C12:0+4xC14:04C16:0 @
" Y.MUFA + ) FAw6 + > FAw3

- C14:0+C16:0+Cl18:0 3
~(05x>. MUFA ) + (0.5 x5 FAw6) + (0.5 x5 FAw3)

(C18:1 + Y. PUFA)
(C12: 0 + C14: 00 + C16 : 00)

HH = @
Where C12:0, C14:0, C16:0, C18:0, and C18:1 represent the relative
mass percentages of lauric, myristic, palmitic, stearic, and oleic acids,
respectively; MUFA refers to the relative mass percentage of mono-
unsaturated fatty acids; FA @6 and FA ®3 indicate the relative mass
percentages of omega-6 and omega-3 fatty acids, respectively; PUFA
refers to the relative mass percentage of polyunsaturated fatty acids.

2.4.3. Estimation of triacylglycerol composition

The composition of triacylglycerols (TAG) was estimated using the
PrOleos software, as reported by Antoniosi Filho et al. (1995). The al-
gorithm estimates the triacylglycerol content based on the 1,3-random-
2-random distribution hypothesis, which predicts the molar percentage
of triacylglycerols in vegetable oils. This method utilizes a random
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distribution model (without preference for the sn-1, sn-2, or sn-3 posi-
tions) of free fatty acids on the glycerol backbone, using the sample's
fatty acid composition as input data.

2.4.4. Determination of fp-carotene and lycopene by HPLC

B-Carotene and lycopene extraction was performed under subdued
light, and a nitrogen atmosphere according to the method proposed by
Bot et al. (2018), with minor modifications to the extraction phase
solely. Aliquots of 200 pL of PU-ET, PU-ISO, PE-ET, and PE-ISO of oil
melted at 40 °C were diluted in 2.0 mL of solvent mixture methanol and
MTBE (50:50, v/v) and filtered through a 0.20 pm membrane filter
before HPLC analysis. Chromatographic separation was carried out
based on the method described by Sadler et al. (1990) and adapted Bot
et al. (2018). Analyses were performed at 25 °C using a LC 4000 (Jasco
Europe, Cremella, Italy) HPLC equipped with a YMC C30 column. The
mobile phase, freshly prepared, consisted of two eluents: eluent A,
composed of methanol and MTBE (90:10, v/v), and eluent B, composed
of the same mixture at different ratio (10:90, v/v), both containing 0.1%
(w/v) BHT. Elution was performed at a flow rate of 1.0 mL/min.
Detection was carried out using a diode-array detector at 450 nm for
fB-carotene and 470 nm for lycopene. Carotenoids were quantified (re-
ported average recovery of 99.3 and 99.6% for p-Carotene and lycopene,
respectively) based on external calibration curves, considering for both
compounds the linear range 1.25-10.0 pg/mL (equation for lycopene: y
= 178,135%-26,373, equation for p-carotene: y = 341,542x-242,497;
both calibration curves with R? = 0.99). Concentrations obtained from
the chromatograms were corrected for the total dilution factor applied
during sample preparation. All analyses were performed in duplicate,
and data processing was carried out using STAR software version 5.3
(Varian).

2.5. Physical properties

2.5.1. Differential scanning calorimetry (DSC)

To perform calorimetric analyses, aliquots of each sample (~5 mg)
were accurately weighed into 40 pL aluminum pans and sealed (Mettler-
Toledo, Greifensee, Switzerland). The pans were then placed in the
sensor cell of a DSC 3 StarE® System (Mettler-Toledo) and subjected to
the following temperature ramp: 20 °C for 3 min; 20 to 80 °C at 5 °C
min_l; 80 °C for 3 min; 80 to —50 °C at —5 °C min_l; —50 °C for 3 min;
—50 to 80 °C at 5 °C min_'. Normalized heat flow (W g’l) was recorded
using an empty pan as reference, and the entire analysis was performed
under gentle nitrogen flow to limit sample oxidation. Peak temperatures
and transition enthalpies were calculated from the obtained thermo-
grams by using the STARe program ver. 16.10 (Mettler-Toledo).

2.5.2. Synchrotron X-ray diffractometry

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering
(XRD) analyses were performed at 20 °C at the SOLEIL synchrotron light
facility in Saint-Aubin, France, using the SWING beamline with photon
energies of approximately 12 keV (SAXS) and 16 keV (XRD). Four peach
palm oil samples (PU-ET, PU-ISO, PE-ET, and PE-ISO) were evaluated in
glass capillaries. The scattering intensity was recorded by a detector
positioned at distances of approximately 0.5 m and 6.5 m from the
sample, allowing data acquisition over a scattering-vector q range of 1.5
x 1073 t0 1.4 x 10~ A™L. For each sample, data were initially collected
with a short exposure time (~0.2 s) to minimize potential radiation
damage and to avoid artifacts in the low-q region. Subsequent re-
cordings were made with longer exposure times (~15 s) using a wider
light beam to improve the signal-to-noise ratio at high q values. The
intensities obtained at both exposure times were radially processed and
combined into a single 1(q) scattering curve, discarding segments with
evidence of radiation-induced degradation. The solvent (ultra-pure
water) scattering intensity was recorded under the same conditions and
subtracted from the data for each sample, resulting in the corrected I(q)
intensity (Nogueira et al., 2023). For data interpretation, Porod's Law
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was applied in the high-q region to analyze interfaces between domains
with contrasting electron densities. Additionally, the Guinier Equation
was used in the low-q region to estimate the radius of gyration (Rg) of
the dispersed particles in the oils (Chen et al., 2022). The curve fitting of

I(q) was performed in the Guinier regime, where the equation I(q) =

I(O)exp( - qug / 3> was applied to determine the radius of gyration.

This approach enabled evaluation of the structural and supramolecular
properties of the different lipid samples, depending on the solvent and
the portion of the fruit used for extraction.

2.5.3. Rheological analysis

The rheological properties of the oils were assessed using a
controlled-stress rheometer (Haake Rheostress 6000, Thermo Scientific,
Karlsruhe, Germany). A plate-plate geometry (35 mm, 1 mm gap) was
used. To determine the linear viscoelastic region, amplitude sweep tests
were performed by increasing oscillatory stress from 0.1 to 100 Pa at a
frequency of 1 Hz. The linear viscoelastic domain was identified at 20 °C
for each sample as the stress domain in which G’ remained constant, with
a maximum deviation lower than 5% from the initial value. Frequency
sweep tests were performed by increasing oscillatory frequency from 0.1
to 10 Hz, applying a fixed stress value included in the linear viscoelastic
region at 20 °C. Samples were maintained at room temperature (20 °C)
for 24 h before analysis and, after being placed on the rheometer ge-
ometry, they were allowed to equilibrate for 5 min to ensure relaxation
of internal stress. Measurements were performed in triplicate.

2.6. Polarized light microscope (PLM)

The samples were prepared by pouring a small amount of oil onto a
glass microscope slide and then covering it with a coverslip. Then, gentle
pressure was applied to ensure adequate thickness for measurement. The
samples were preheated to 60 °C for 10 min to erase the crystal memory,
then cooled at 5 °C min~! to 20 °C using a water-cooling system attached
to the microscope. Images were captured at 40x magnification using a
microscope (Leica Microsystems, Wetzlar, Germany), operated by Leica
Suite Las EZ software (Leica Microsystems, Heerbrugg, Switzerland),
and saved in JPEG format.

2.7. Statistical analysis

The results were expressed as mean + standard deviation. Mea-
surements were performed in duplicate or triplicate, as indicated in the
corresponding tables and figure captions. Data were analyzed using
analysis of variance (ANOVA) at a 5% significance level (p < 0.05) using
Statistica 10.0 software (StatSoft Inc., Tulsa, OK, USA). Prior to para-
metric comparisons, data were checked for normality and homogeneity
of variances. When the homogeneity assumption was met, differences
among means were assessed by ANOVA followed by Tukey's test. When
variances were not homogeneous, Welch's ANOVA was applied. Syn-
chrotron SAXS and XRD data were analyzed using the SasView software
(SasView-6.1.1).

3. Results and discussion
3.1. Chemical characterization

Extraction yield was significantly affected by the extraction pro-
tocol (p < 0.05), with the ethanol-based protocol providing higher
yields than the isooctane-based protocol for both pulp and peel oils
(Table 1). Moreover, yields were slightly higher for pulp oils than for
peel oils. No significant protocol x fraction interaction was detec-
ted, indicating that the increase in yield observed when tran-
sitioning from the isooctane-based to the ethanol-based protocol
was comparable for both pulp and peel oils. The fatty acid
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Table 1
Relative fatty acid composition and health indices of peach palm pulp and peel
oils.

Analysis PU-ISO PU-ET PE-ISO PE-ET
20 + 13 + 18 +
. o c
Yield (%) 15+ 0.1 0.17% 0.12¢ 0.23°
Fatty acid (%)
. . 0.05 + 0.01 + 0.02 + 0.02 +
C12:0 - Lauric acid 0.01° 0.00 0.00° 0.00°
. . 0.15 + 0.07 + 0.11 + 0.08 +
C14:0 - Myristic acid 0.01° 0.01° 0.00° 0.01°
. . 0.04 = 0.04 + 0.06 + 0.06 +
C15:0 - Pentadecanoic acid 0.00° 0.00° 0.00° 0.00°
o, . 17.96 + 33.92 + 30.44 + 34.05 +
C16:0 - Palmitic acid 01¢ 0.25° 0.41° 0.20°
. . . 0.20 = 0.49 + 0.06 = 0.07 +
C16:1 »9 - Palmitoleic acid 0.29° 0.20° 0.00° 0.00°
. . . 4.70 + 3.96 + 4.34 + 3.80 +
C16:1 ®7 - Palmitoleic acid 0.95° 0.01% 0.20° 0.01¢
.07 £ .05 £ .06 + .06 +
C17:0 - Heptadecanoic acid g gza g g::a g gga g gga
C17:1 ©8- Heptadecenoic 0.05 + 0.04 + 0.05 + 0.05 +
acid 0.00% 0.00% 0.01% 0.00%
. . 1.29 + 1.55+ 1.34 £ 1.47 £
C18:0 - Stearic acid 0.10¢ 0.11% 0.01° 022
. . 63.98 + 53.06 + 53.22 + 51.80 +
C18:1 09 - Oleic acid 0.23" 0.37° 0.06" 0.51°
. . . 7.64 + 5.36 + 7.79 £ 6.18 +
C18:2 06 - Linoleic acid 0.01° 0.02¢ 0.05% 0.03°
L . 0.18 + 0.13 + 0.18 + 0.18 +
C20:0 - Arachidic acid 0.00° 0.00° 0.01° 0.00°
. . . 3.14 £ 1.18 £ 2.03 + 1.91 +
C18:3 ®3 - a-Linolenic acid 0.02° 0.02¢ 0.02° 0.28
. . . 0.13 + 0.06 + 0.10 + 0.08 +
C20:1 ©9 - Eicosenoic acid 0.00% 0.00 0.02% 0.00
C21:0 - Heinecosanoic acid g‘g(l)ai g'gcl)ai g'gcl)ai g‘géai
C20:2 - Eicosadienoic acid ND ND ND ND
. . 0.40 + 0.04 + 0.08 + 0.04 +
C22:0 - Behenic acid 0.00° 0.01° 0.03° 0.01°
. . . 0.03 + 0.08 + 0.08 +
C24:0 - Lignoceric acid ND 0.00° 0.00° 0.00°
20.16 + 35.83 £ 32.36 £ 36.09 +
turated (SFA
Saturated (SFA) 1.33¢ 0.74° 0.19° 0.44°
69.06 + 57.61 + 57.78 + 55.79 +
Monounsaturated (MUFA) 0.52° 0.12° 0.04 0.38°
10.78 + 6.57 + 9.86 + 8.13 +
Polyunsaturated (PUFA) 0.11° 0.56° 0.65% 010
Health indices
Nutritional value index
(NVD) 3.62 1.61 1.79 1.64
Atherogenic index (AI) 0.23 0.53 0.46 0.51
Thrombogenic index (TI) 0.39 0.99 0.81 0.91
Hypocholesterolemic/
hypercholesterolemic 4.14 1.76 2.06 1.84
(H/H)

Data are expressed as mean + standard deviation (n = 2). Fatty acid values
correspond to relative peak area percentages of identified fatty acid methyl es-
ters. Equal letters on the same line show no significant difference (Tukey's test
and t-test, p < 0.05). ND: not detected.

composition of the extracted oils is also reported in Table 1. Twenty fatty
acids were identified in the analyzed peach palm oils, with wide varia-
tion between the pulp and peel samples, and additional variations were
observed between the extraction protocols. The results showed that the
samples had a predominance of monounsaturated fatty acids (MUFAs),
followed by saturated fatty acids (SFA) and polyunsaturated fatty acids
(PUFAs), as shown in Table 1. This distribution is typical of tropical oils
from fruits of the Arecaceae family (Gualberto et al., 2025; Ibiapina
et al., 2021).

Palmitic acid was the predominant SFA, ranging from 17.96 to
34.05%, which was comparable to the value reported for peach palm
pulp oil (35.81%) by Sousa et al. (2025). Its proportion was higher in oils
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obtained using the ethanol-based extraction protocol (PU-ET and PE-
ET). Considering that the two extraction protocols differed in both sol-
vent and operating conditions, this pattern was interpreted as protocol-
dependent and may have been associated with the co-extraction of lipid
fractions more strongly linked to structural components (e.g., waxes and
complex lipids), which are abundant in outer plant tissues (Molska et al.,
2022). Although excessive intake of palmitic acid has been associated
with atherogenic effects, it has also been reported as a relevant struc-
tural lipid in biological membranes and as a precursor of other lipid-
derived compounds, with technological applications in food systems
(Cruz et al., 2020; Dimou et al., 2019; Mwaurah et al., 2020; Sousa et al.,
2025).

Oleic acid (51.80-63.98%) was the main MUFA in all peach palm oil
samples, with the highest proportion observed in PU-ISO. These values
were higher than those reported by Sousa et al. (2025) for peach palm
pulp oil (54.23%) and by Gualberto et al. (2025) for oil obtained from
the seed of the same species (11.08%). Overall, the isooctane-based
protocol, particularly for pulp (PU-ISO), yielded a lipid profile with a
greater predominance of oleic acid, supporting its nutritional and
functional potential among tropical vegetable oils. This trend was
consistent with the preferential solubilization of less polar, highly un-
saturated lipid species under the isooctane-based protocol, given the
affinity of non-polar solvents for long aliphatic chains (El Kourchi et al.,
2024). Oleic acid was widely recognized for its health-promoting attri-
butes, including improved lipid markers and anti-inflammatory effects
(FAO, 2022; Gualberto et al., 2025; Taboada et al., 2022).

The PUFA fraction was mainly composed of linoleic (0-6) and
a-linolenic (0-3) acids, both essential fatty acids that must be obtained
from the diet. Linoleic acid was found at higher levels in the isooctane-
based oils, especially PE-ISO (7.79%) and PU-ISO (7.64%), which again
suggested a protocol-dependent selectivity toward less polar lipid spe-
cies, as discussed by El Kourchi et al. (2024). These results confirmed
peach palm oils as relevant sources of essential fatty acids and provided
a compositional basis for interpreting their thermal and structural
behavior. However, an excessive ®-6/»-3 intake ratio has been associ-
ated with adverse health outcomes, including oxidative stress (Edin
et al., 2020). When comparing fractions, peel oils obtained via the
ethanol-based protocol (PE-ET) showed the highest SFA proportion,
particularly palmitic acid. However, this behavior was not uniform
across protocols: PE-ISO had lower SFA levels than PU-ET, whereas PU-
ISO had higher MUFA levels, mainly oleic acid. Such protocol- and
fraction-dependent profiles could be relevant for targeted applications
in food or cosmetic formulations, depending on desired compositional
attributes.

Among the evaluated samples, PU-ISO oil showed the highest
Nutritional Value Index (NVI), reflecting its comparatively higher pro-
portion of unsaturated fatty acids, especially oleic acid. These fatty acids
are associated with reduced LDL cholesterol and inflammation, and they
contribute to cardiovascular protection (Chen & Liu, 2020; El Kourchi
et al., 2024). In contrast, ethanol-based oils (PU-ET and PE-ET) had
lower NVI and H/H values, suggesting a higher proportion of saturated
fatty acids and, consequently, a lower potential benefit to the lipid
profile. Nevertheless, all oils presented low atherogenic (AI) and
thrombogenic (TI) indices (<1), which indicates a reduced risk of
arterial plaque formation and blood clots, due to the relevant presence of
mono- and polyunsaturated fats, recognized for their protective action
on the cardiovascular system (Amakhmakh et al., 2025; Dal Bosco et al.,
2022; Plaha et al., 2023).

Data reported in Table 1 were used to estimate the triacylglycerol
(TAG) composition of peach palm pulp and peel oils obtained under the
different extraction protocols. It should be emphasized that TAG profiles
were predicted using PrOleos software based on fatty acid composition
and a random distribution model, rather than experimentally deter-
mined by chromatographic analysis. Therefore, these results are
ngpresented as estimated TAG profiles and used as supportive evidence
for interpreting the thermal and structural behavior of the oils. For TAG
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calculation, only fatty acids representing >0.5% of the total peak area
were considered (Table 2). A strong agreement was observed between
the gas chromatography-based inputs and the TAG predictions gener-
ated by the PrOleos software (r > 0.97) (Filho et al., 1995). PrOleos
includes TAG profiles for a wide range of vegetable oils and their mix-
tures, particularly those rich in unsaturated fatty acids.

The estimated TAG composition suggested a predominance of mixed
saturated—unsaturated triacylglycerols, represented mainly by POO
(22.54-29.72%), a monosaturated-diunsaturated TAG, followed by
triunsaturated OO0 (15.14-26.70%) and disaturated—-monounsaturated
POP (6.34-19.05%). These results corroborate those obtained by Morais
et al. (2024), who investigated oils extracted from different fractions of
buritirana (Mauritiella armata), and by Sousa et al. (2025), who analyzed
the TAG profile of oils from the peel of buriti (Mauritia flexuosa), both
belonging to the Arecaceae family. The similarity observed between the
results confirms the data presented in Table 1, since the fatty acid
composition showed oleic, linoleic, and palmitic acids as the main
constituents.

On the other hand, the PrOleos-based stereospecific prediction

Table 2
Estimated triacylglycerol composition and p-carotene and lycopene contents of
peach palm pulp and peel oils.

Triacylglycerol (wt%)  PU-ISO PU-ET PE-ISO PE-ET
PPP 0.59¢ 4.06° 2.99¢ 3.76°
PPoP 0.56¢ 1.80° 1.30° 1.34°
SPP - 0.54° - 0.55°
POP 6.344 19.05% 15.73° 17.97°
PLP 0.75¢ 2.16" 2.30% 2.23%
POPo 1.01° - 4.55° -
PPoP - 5.61 - -
PP0O - - - 4.26
PoOPo 0.63 - - -
PLPo - 0.63° 0.66° 0.52°
PLLP - - 0.59° 0.72?
HOP 0.78 - - -
SOP 0.79° 1.69° 1.35° 1.75%
POO 22,544 29.722 27.52¢ 28.57°
PLO 5.30¢ 6.74° 8.06° 7.10°
Po0OO 7.13 - 3.99° -
OPoO - 4.39° - 3.39°
OLPo - 0.99° - 0.84°
PLLO 2.50° - 2.06° 2.30°
PoLO 1.68° - 1.16° -
PLL - - 0.60 -
POLLO 0.80 - - -
HOO 1.40 - - -
SO0 1.41° 1.32° 1.17¢ 1.39°
000 26.70° 15.45° 16.10° 15.14¢
OLO 9.42° 5.26° 7,06° 5.64°
0OLn 4.45% - 1.81° 1.82"
OLL 1.10° 0.604 1.03° 0.70°
OLLn 1.04 - - -
Carotenoids (ug/mL
oil)
B-Carotene 8.55 + 10.77 + 10.53 + 9.87 +
0.01¢ 0.01° 0.02° 0.01¢
Lycopene 2.76 + ND 3.37 + 1.99 +
0.00° 0.05° 0.03¢

Triacylglycerols composition was estimated using PrOleos software based on
the fatty acid composition and a random distribution model; therefore, TAG
values should be interpreted as predicted relative profiles rather than experi-
mentally measured TAG concentrations. Data are expressed as mean =+ standard
deviation (n = 2). Equal letters on the same line show no significant difference
(Tukey's test and t-test, p < 0.05). M, myristic acid; P, palmitic acid; Po, pal-
mitoleic acid; S, stearic acid; O, oleic acid; L, linoleic acid; G, cis-11-eicosenoic
acid (gondoic acid); La, lauric acid; Pe, pentadecanoic acid; H, heptadecanoic
acid; A, arachidonic acid; Ln, alpha linolenic acid; Ga, gadoleic acid. Caroten-
oids are expressed as mean =+ standard deviation (n = 2). Different superscript
letters within the same line indicate significant differences (Welch's one-way
ANOVA, p < 0.05). ND: not detected.
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suggested that oleic and linoleic acids were preferentially located at the
sn-2 position of the glycerol backbone, a distribution pattern often
associated with TAGs of higher nutritional value. This molecular
configuration favors intestinal absorption and reduces plasma choles-
terol levels, as demonstrated by Chen and Liu (2020) and Polmann et al.
(2024). Additionally, the predominance of POO and OOO species con-
fers intermediate plasticity to peach palm oil, typical of semi-solid lipid
matrices. This estimated TAG profile may contribute to physicochemical
properties desirable for applications in food products requiring a creamy
texture, good oxidative stability, and adequate rheological behavior
during processing and storage. Thus, the observed triacylglyceride
composition reinforces the technological and nutritional potential of
peach palm oil as a high-value functional ingredient.

It is important to note that the TAG profiles reported in this study
were estimated from fatty acid composition using a random distribution
model and were not experimentally determined by chromatographic
techniques. Therefore, the predicted TAG composition was used as
supportive information to interpret the thermal, crystalline, and rheo-
logical behavior of the oils. Direct experimental determination of TAG
species, for example, by high-performance liquid chromatography or
mass spectrometry-based approaches, would further strengthen the
structure—function correlations proposed here.

Table 2 reports the concentrations of p-carotene and lycopene in
peach palm pulp and peel oils. f-Carotene was the predominant carot-
enoid in all samples, whereas lycopene occurred at lower levels and was
not detected in PU-ET oil (Table 2). -Carotene content differed among
samples (p < 0.05), with higher values observed for PU-ET and PE-ISO,
intermediate levels for PE-ET, and the lowest concentration for PU-ISO.
Lycopene also differed among the oils in which it was detected (p <
0.05), reaching the highest level in PE-ISO, followed by PU-ISO and PE-
ET, while PU-ET remained not detected (Table 2). Because the extraction
procedures differed in solvent polarity, operating conditions, and labo-
ratory context, these differences were interpreted as protocol-
dependent rather than strictly solvent-driven. Similar matrix- and
protocol-related selectivity in carotenoid recovery has been reported for
vegetable oils and lipid-rich systems (Freitas et al., 2024; Menezes Silva
et al., 2023; Wijngaard et al., 2012).

Differences between pulp and peel oils were consistent with the
natural distribution of carotenoids across fruit tissues. Peel tissues,
which are more exposed to light and environmental stress, have been
reported to accumulate higher levels of photoprotective pigments,
which could contribute to the higher lycopene levels observed in peel
oils (Miranda et al., 2024; Noronha Matos et al., 2019). The absence of
lycopene in PU-ET further suggested that carotenoid recovery depended
on the interplay between matrix characteristics and extraction condi-
tions, potentially influencing pigment release and/or degradation dur-
ing processing. Carotenoids may also have contributed to the
physicochemical behavior of these oils, as lipophilic pigments can
partition into the liquid phase and, depending on concentration and
molecular interactions, affect crystallization and microstructure devel-
opment. In this sense, previous studies have reported that TAG compo-
sition and crystalline organization can modulate the incorporation and
stability of lipophilic bioactives in oils and fat-based matrices (Bu et al.,
2022; Saini et al., 2022). Overall, peach palm oils showed measurable
levels of p-carotene and lycopene, with statistically significant but
moderate differences among samples (Table 2).

3.2. Physical properties

Differential scanning calorimetry (DSC) analysis (Fig. 2 and Table 3)
revealed complex crystallization and melting behaviors in peach palm
peel and pulp oils that depended on the extraction protocol and
anatomical fraction. The multiple thermal events observed were
consistent with the heterogeneous lipid composition of the samples,
including the estimated TAG profiles (Table 2), and suggested the
coexistence of different crystalline arrangements, as commonly
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Fig. 2. Crystallization - EXO (A) and melting - ENDO (B) curves by Differential
scanning calorimetry (DSC) of peach palm pulp and peel oils.

observed in lipid systems containing a wide distribution of saturated and
unsaturated acyl chains (Alarcon et al., 2020; Rajagukguk et al., 2023).
From a technological perspective, particular attention was given to the
thermal transitions occurring at or above room temperature (=20 °C), as
these events determined whether the oils behaved as liquid or solid/
semi-solid fats under practical application conditions (Alarcon et al.,
2020; Rajagukguk et al., 2023).

During the crystallization step (Fig. 2A), all oils exhibited exothermic
events at subzero temperatures (approximately from —45 to —2 °C),
which were consistent with the crystallization of low-melting TAG
fractions enriched in unsaturated fatty acids. These low-temperature
events may be associated with the formation of metastable poly-
morphic forms (e.g., « and ") in lipid matrices rich in oleic and linoleic
acids, and were mainly relevant for frozen food applications, with
limited technological relevance at ambient temperature (Bu et al., 2022;
Saini et al., 2022). In addition to these subzero events, PU-ISO and PE-ET
also showed crystallization peaks in the 20-30 °C range. Specifically,
PU-ISO displayed a prominent exothermic event within this interval,
and PE-ET showed a crystallization peak around ~21 °C with substantial
enthalpy (AH up to +19.46 J g~1) (Table 3). These higher-temperature
events suggested the crystallization of higher-melting lipid fractions that
were expected to contribute more directly to structure formation at
ambient conditions. Notably, the magnitude of crystallization enthalpy
reflected the extent of crystallization under the applied conditions,
whereas polymorphic stability and crystal packing required
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Table 3
Thermal parameters of oil samples by DSC of peach palm pulp and peel oils.

PU-ISO PU-ET PE-ISO PE-ET

Crystallization Peak 1 Peak 27.25 7.87 12.36 21.38

(9]
AH +19.48 +1.43 +2.43 +17.23
Ueg™h

Peak 2 Peak 18.9 2.37 3.02 6.86
(@]
AH +22.27 +2.31 +1.65 +0.96
vgh

Peak 3 Peak —2.55 —4.3 -3.13 -10.15
(9]
AH +39.18 +10.02 +11.19 +0.81
Ugh

Peak 4 Peak -11.7 —29.29 —26.62 —18.03
(9]
AH +2.07 +7.65 +9.78 +19.46
Ugh

Peak 5 Peak —-22.5 —44.9 —43.90 -
(@]
AH +0.94 +4.09 +1.45 -
Ug™h

Peak 6 Peak —34.6 - - -
(@]
AH +6.21 - - -
Ueg™h

Melting Peak 1 Peak —29.86 -5.99 —4.97 —5.55

(@]
AH -5.30 —28.71 —28.72 —31.92
Ugh

Peak 2 Peak 5.86 6.13 5.23 34.21
(9]
AH —48.15 -3.76 —-0.67 —-14.11
Ugh

Peak 3 Peak 35.70 27.55 23.23 -
(9]
AH —21.29 -3.11 —9.43 -
Ugh

AH values were calculated by peak integration. Positive AH indicates
exothermic crystallization and negative AH indicates endothermic melting. “~”
denotes that no peak was detected under the experimental conditions.

confirmation by complementary structural analyses.

The melting profiles (Fig. 2B) clearly distinguished the oils by their
room-temperature behavior. PU-ISO and PE-ET exhibited melting
events extending to or above 20 °C, explaining their solid or semi-
solid character at room temperature, whereas PU-ET and PE-ISO
showed melting transitions predominantly below 20 °C, confirming a
liquid behavior at ambient conditions. The solid character of PU-ISO
could be partially associated with the formation of a well-connected
crystalline network involving organized TAGs, particularly palmitoyl-
dioleoyl-glycerol (POO), a monosaturated—-diunsaturated TAG, and
trioleoyl-glycerol (OOO0), a triunsaturated TAG. (Pereira et al., 2019;
Polmann et al., 2024). In contrast, the higher melting transitions
observed for PE-ET suggested a larger contribution of higher-melting
TAG fractions (e.g., POP and PPP), which crystallized at higher tem-
peratures and were expected to promote a more structured lipid phase
(Rajagukguk et al., 2023; Tomaszewska-Gras et al., 2021). Overall, DSC
results indicated that the room-temperature consistency of peach palm
oils depended on the combined influence of extraction protocol and fruit
fraction, rather than on solvent polarity alone. These thermal trends
were subsequently discussed alongside microstructural and scattering/
rheological evidence in the following sections.

The apparent discrepancy between the lower SFA content of PU-ISO
and its semi-solid behavior at 20 °C indicates that the macroscopic
consistency of peach palm oils cannot be explained solely by the global
degree of saturation. Instead, the physical state at room temperature is
governed by the specific TAG species able to crystallize and remain solid
under the applied thermal conditions. In this sense, the estimated TAG
profile provides supportive evidence that individual TAG classes, such as
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palmitoyl-dioleoyl-glycerol (POO), dipalmitoyl-oleoyl-glycerol (POP),
and tripalmitoyl-glycerol (PPP), may contribute differently to crystalli-
zation, depending on their melting ranges, molecular packing, and
ability to participate in mixed crystal networks. Although PU-ET showed
a higher overall SFA content, this parameter alone does not necessarily
translate into a higher solid fraction at 20 °C, because the distribution,
compatibility, and crystallization kinetics of TAG species also determine
the amount and connectivity of crystals formed during cooling. There-
fore, the semi-solid behavior of PU-ISO was attributed to the formation
of a connected crystal network rather than to SFA content alone.

The concept of solid fat content (SFC) is particularly relevant for
rationalizing these differences, since oils with similar global fatty acid
saturation may display distinct macroscopic consistencies depending on
the fraction of crystalline material retained at a given temperature. In
the present study, SFC was not directly measured; therefore, the room-
temperature behavior was inferred from DSC transitions, PLM micro-
graphs, SAXS/XRD structural features, and rheological measurements
performed for the structured samples. Future studies, including direct
SFC determination, for example, by pulsed nuclear magnetic resonance,
would provide a more quantitative basis for relating TAG composition,
crystallization behavior, and macroscopic consistency in peach palm
oils.

PLM micrographs acquired at 20 °C showed marked differences in
crystal morphology and density among peach palm pulp and peel oils as
a function of the extraction protocol (Fig. 3). In general, birefringent
domains typical of crystallized TAG structures were observed, with
distinct patterns across samples. PU-ISO exhibited elongated, needle-
like crystals heterogeneously distributed, with the formation of
branched aggregates, suggesting the coexistence of multiple crystalline
populations and a well-developed network at 20 °C (Fig. 3B). This
microstructure was consistent with the DSC profiles, which showed
crystallization/melting events extending to around room temperature
for PU-ISO, supporting its structured character under ambient condi-
tions (Fig. 2 and Table 3). The prevalence of fine, elongated crystals has
been reported in lipid systems enriched in unsaturated TAGs, where
reduced intermolecular packing tends to favor smaller, less symmetric
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crystal morphologies (Domingues et al., 2022).

On the other hand, the PU-ET micrograph revealed extremely fine,
uniformly distributed crystals with intense anisotropic brightness, sug-
gesting a more homogeneous crystal field at 20 °C (Fig. 3A). The lower
enthalpy of crystallization (AH = 2.31 J g~ %) and the shift of the melting
peaks to lower temperatures (—5.99 °C) confirm the presence of smaller
and more ordered crystals, characteristic of the predominant transition
to the B’ polymorph, similar to that found in palm oil cooled to 20 °C by
De Witte, Penagos, Rondou, et al. (2024). This behavior may be related
to the protocol's polar nature, which interferes with intermolecular in-
teractions between TAGs and alters nucleation during crystal formation
(Zeb & Murkovic, 2011). The PE-ISO oil presented large, radiating
crystals with needle-like morphology and a star-like appearance,
indicative of a less compact structure and incomplete crystallization
field at 20 °C (Fig. 3D). This morphology is associated with the high
concentration of unsaturated fatty acids and TAGs with double bonds,
whose insertion between the acyl chains interferes with nucleation and
crystal growth (Pinna et al., 2025). The irregular birefringence and dark
zones observed suggested the coexistence of amorphous and semi-
crystalline regions (Polinska et al., 2021), consistent with the greater
thermal disorder detected in the DSC (multiple peaks and AH variable
between 1.45 and 11.19 J g~1), as observed in the chromoplasts of
mango and papaya by Schweiggert et al. (2012).

In contrast, the PE-ET oil exhibited a micrographic field dominated
by small, compact, and strongly birefringent crystals with a uniform
granular pattern (Fig. 3C), like that observed in sunflower oil by Biswas
et al. (2017). This structure evidences a more stable and energetically
favorable system, in agreement with the DSC, which showed higher
crystallization peaks (10.0-21.0 °C) and considerable enthalpy (AH =
17.23 J g71). Because the extraction procedures differed in solvent and
operating conditions (and were performed in different laboratories),
these differences were discussed as protocol-dependent rather than
strictly solvent-driven (Gomaa et al., 2022; Pinna et al., 2025). Taken
together, the PLM micrographs confirm the strong influence of the
extraction protocol and the fruit fraction on the morphology and spatial
distribution of crystals. The isooctane-based protocol was associated

Fig. 3. Polarized light microscopy (PLM) micrographs of peach palm oils obtained from pulp and peel using different extraction protocols: (A) pulp oil obtained by
the ethanol-based protocol (PU-ET), (B) pulp oil obtained by the isooctane-based protocol (PU-ISO), (C) peel oil obtained by the ethanol-based protocol (PE-ET), and
(D) peel oil obtained by the isooctane-based protocol (PE-ISO). Micrographs were recorded at 20 °C.



H.M.S. Sousa et al.

with more disordered and heterogeneous structures due to the greater
extraction of unsaturated compounds, while the ethanol-based protocol
resulted in more organized and compact systems. These findings
corroborate the DSC results and demonstrate that fatty acid content
modulates lipid crystallization, influencing both thermal stability and
optical anisotropy. The observation of distinct birefringence patterns
and crystal sizes across the samples also indicates the presence of
distinct TAG polymorphs, a phenomenon that can be confirmed and
quantified by SAXS and XRD structural analyses.

The structural characterization of the oils extracted from peach palm
peel and pulp using solvents of different polarities was conducted using
SAXS, and the results were analyzed according to Porod's Law (Fig. 4 and
Table 4). The result could be relatively well fitted on a log-log scale to
the I(q) curve as a function of q, allowing investigation of the degree of
interface definition in lipid systems (Santos et al., 2021). The relation-
ship I(q) ~ q ", in which the exponent n = 6 — d; is associated with the
nature and regularity of the interfaces between domains of contrasting
electron density. The exponent gives information about the surface
fractal dimension d; which is 2 for smooth surfaces (n = 4) and higher
values up to 3 (n = 3) for highly rough surfaces. Thus, the exponent
reveals differences in the internal organization of the samples depending
on the portion of the fruit used and the type of solvent employed in the
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extraction process (Silva et al., 2024).

The comparison between the structural data obtained by SAXS and
PLM images (Fig. 3 and Fig. 4) reveals important information about the
supramolecular organization and morphology of the oils extracted from
peach palm pulp and peel by using different solvents. The analysis using
the Guinier equation complements the structural characterization of the
samples by providing an estimate of the radius of gyration (Rg)
(Table 4), representative of the average size of the domains or aggre-
gates present in the oils (Heiden-Hecht et al., 2024; Mastrangelo et al.,
2020). The values obtained showed good agreement with the struc-
tural observations from the SAXS data and PLM images. The PU-ISO
presented the steepest Porod slope (n = —3.78; RZ = 0.999) and a
radius of gyration (Rg) of 117 nm, indicating well-defined interfaces.
This result suggests that the isooctane-based protocol was associated
with more defined interfacial organization, possibly reflecting differ-
ences in the lipid fractions recovered under this protocol (Andrade &
Negrao, 2025; Liu et al., 2023). The PLM image (Fig. 3B) corroborates
this finding, exhibiting small, dense, and strongly birefringent crystals.
This compact organization is associated with the predominance of POO
and OOO-type TAGs, as well as the high oleic acid content (63.98%),
which promotes molecular flexibility without compromising acyl chain
packing (Andrade & Negrao, 2025; Liu et al., 2023).
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Fig. 4. Power-law regime plots of peach palm oils obtained from pulp and peel using different extraction protocols: (A) pulp oil obtained by the ethanol-based
protocol (PU-ET), (B) pulp oil obtained by the isooctane-based protocol (PU-ISO), (C) peel oil obtained by the ethanol-based protocol (PE-ET), and (D) peel oil
obtained by the isooctane-based protocol (PE-ISO). Measurements were performed at 20 °C.
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Table 4
Synthesis of the correlation between SAXS (Porod and Guinier regimes), PLM, and XRD from pulp and peel oils of peach palm.
- SAXS XRD

Samples Porod exponent (n) Rg (nm) PLM Interpretation Q ) d (A)

0.15 41.9

. . . 0.22 28.6

PU-ET —3.41 107 Long and oriented domains Partially ordered structure 0.42 15.0
1.35 4.65

0.15 41.9

. o . 0.22 28.6

PU-ISO —3.78 117 Small, dense crystals High organization and regular interfaces 0.42 15.0
1.35 4.65

0.15 41.9

. . . . 0.22 28.6

PE-ET -3.15 123 Heterogeneous, birefringent Diffuse interfaces, irregular structure 0.42 15.0
1.38 4.55

0.15 41.9

PE-ISO —3.47 115 Clustered crystals Moderate order with crowding 0.22 28.6

0.42 15.0
1.38 4.55

PU-ET showed a lower Porod slope (n = —3.41; R? = 0.997) and an
Rg of 107 nm, indicating fewer regular interfaces and elongated do-
mains. This difference may be associated with the greater presence of
polar compounds and the lower fraction of unsaturated TAGs, which
introduce heterogeneity into the lamellar arrangement. Ethanol, by
interacting with polar lipids and protein or phospholipid residues, tends
to generate less cohesive microdomains, as reflected in PLM images
showing thin, oriented crystals with lower optical density. In the peel
samples, a reverse trend was observed. The PE-ISO showed n = —3.47
(R? = 0.999) and Rg of 115 nm, indicating a moderately ordered
structure with agglomerated crystals and well-defined interfaces,
although less uniform than those of the pulp. This behavior may reflect
the balance between the lipid network and the estimated proportion of
mixed saturated—unsaturated and unsaturated TAGs (POO, OO0, POP),
which favor molecular plasticity (Bu et al., 2022; Saini et al., 2022). On
the other hand, the PE-ET presented the lowest degree of interface
definition (n = —3.15; R? = 0.98) and the highest Rg (123 nm), sug-
gesting diffuse and heterogeneous structures. This morphology, also
observed in the PLM through irregular birefringent domains, can be
attributed to the greater diversity of compounds extracted with the polar
solvent, such as phospholipids, oxidized pigments, and short-chain
lipids, which promote partial disruption of the lamellar organization
(Andrade & Negrao, 2025; Freitas et al., 2024).

The results from SAXS in low and high are consistent with the
thermal and morphological data previously discussed: oils with higher
unsaturation content (PU-ISO and PE-ISO) present less dense packing
and well-defined interfaces, while those with higher saturation and
extracted with ethanol (PU-ET and PE-ET) exhibit more compact but less
uniform structures (De Witte, Penagos, Rondou, et al., 2024; Olsmats
et al., 2025). This structural modulation is a direct result of solvent
selectivity, which controls the relative proportion of unsaturated (SU:
and Us) and saturated (S:U and Ss) TAGs and, consequently, the degree
of ordering of the lipid matrix. On the other hand, more disorganized
structures can facilitate the incorporation of polar bioactive compounds
or facilitate dispersion in hydrophilic matrices, albeit with lower phys-
icochemical stability (Olsmats & Rennie, 2024; Rondou et al., 2024).
Thus, the extraction protocol influenced not only the yield and chemical
composition of the oil but also its nanostructure, directly impacting its
technological and functional properties.

XRD scattering analysis was performed to investigate the presence of
ordered phases in the oils extracted from the pulp and peel of peach
palm, considering the influence of the extraction solvents ethanol and
isooctane. In all diffractograms (Fig. 5), distinct shoulders were
observed in the region of Q ~ 0.15, 0.22, 0.42, and 1.35-1.38 10\’1,
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Fig. 5. Wide-angle X-ray scattering (XRD) graph from pulp and peel oils of
peach palm.

which correspond to crystalline or semicrystalline structures present in
the oils (Ferreira & da Silva, 2023). Table 4 presents the estimated
values of interplanar spacing (d), calculated based on the Bragg equation
(d = 2n/Qd = 27/Qd = 21/Q). The spacings obtained were approxi-
mately 41.9, 28.6, 15.0, and 4.6 A (Table 4), indicating the coexistence
of long-range lamellar structures and more compact molecular packings
for all samples.

The peak located at Q ~ 1.35-1.38 Al (d=~ 4.6 f\) is commonly
associated with the packing of the acyl chains of triacylglycerols (TAGs)
(De Witte, Penagos, Rondou, et al., 2024; De Witte, Penagos, Van de
Walle, et al., 2024), and suggests the presence of B or p' type crystal-
line phases, which are typical in partially crystallized lipids (Domingues
et al., 2022; Peyronel et al., 2023). The lower Q peaks, in turn, may be
related to the lamellar organization of lipids, vesicles, or structured
aggregates, evidencing the existence of regions of supramolecular
ordering in the analyzed oils (De Witte, Penagos, Rondou, et al., 2024;
De Witte, Penagos, Van de Walle, et al., 2024; Mazzanti, 2021). The
presence and position of the peaks were similar between the oils
extracted with ethanol and isooctane, for both the pulp and the peel.
However, differences in peak relative intensities suggest that the type of
solvent can affect the proportions of crystalline phases or the extent of
organization without destroying the structure (Zhang et al., 2025).
Specifically, the oils extracted with isooctane (PE-ISO and PU-ISO)
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showed more defined peaks in some regions, suggesting greater pres-
ervation of the ordered lipid phases, as this nonpolar solvent tends to
preserve the integrity of native structures.

Overall, XRD analyses revealed that the isooctane-based protocol
tended to a more regular nanostructure and well-defined interfaces,
whereas ethanol-based oils resulted in greater heterogeneity and lower
crystallinity. This structural modulation may affect the technological
properties of the oils, indicating that more ordered systems would
exhibit greater thermal and oxidative stability, whereas more disordered
systems would favor the incorporation of bioactive compounds and their
dispersion in hydrophilic matrices. Thus, the supramolecular structure
of peach palm oils is likely to reflect the synergistic interactions among
the chemical composition (fatty acids and TAGs), bioactive pigments,
and the extraction solvent, demonstrating the potential of these oils as
multifunctional ingredients for food and cosmetic applications.

To probe the technological potential of the extracted oils, oscillatory
rheological analysis was conducted at 20 °C only for the samples that
exhibited a structured (solid/semi-solid) character at this temper-
ature, namely peach palm pulp (PU-ISO) and peel (PE-ET) oils (Fig. 6).
As shown in Fig. 6, both samples presented elastic modulus (G') values
higher than viscous modulus (G") across the entire frequency range
(0.1-100 Hz), indicating predominantly elastic behavior. Such behavior
can be attributed to a cohesive microstructure able to withstand mod-
erate oscillatory deformation without irreversible structural breakdown
(Pommella et al., 2020).

The PU-ISO sample presented high G' values, reaching almost
80,000 Pa at 1 Hz, whereas G” remained low and practically constant
throughout the entire analyzed frequency range (Fig. 6). These values
fell within the range of other tropical oils conventionally used as plastic
fats in food formulations (Attia et al., 2020). The reported behavior
suggests the formation of a strongly structured and mechanically resis-
tant lipid network, consistent with the SAXS results, and may be asso-
ciated with the presence of small, densely packed crystals observed by
polarized light microscopy and with the estimated high proportion of
organized TAG species, POO a monosaturated-diunsaturated TAG, and
000, a triunsaturated TAG. These TAGs may contribute to molecular
packing arrangements compatible with the structured behavior
observed at 20 °C (De Witte, Penagos, Van de Walle, et al., 2024). The
high concentration of oleic acid (63.98%) and ' may also contribute to
network rigidity, as these compounds modulate intermolecular in-
teractions and stabilize organized lipid domains (Andrade & Negrao,
2025; Guimaraes et al., 2023).

On the other hand, PE-ET oil exhibited lower G’ values (~ 3700 Pa)
at 1 Hz, accompanied by an increase in G" at higher frequencies, indi-
cating a weaker structure and more fluid behavior. This profile is
characteristic of systems with greater energy dissipation and lower
crystalline connectivity, possibly resulting from disruption of lipid self-
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Fig. 6. Evolution of the storage modulus G' (square points) and the loss
modulus G" (round points) as a function of oscillation frequency for samples of
peach palm oils at 20 °C.
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assembly by polar compounds extracted using an ethanol-based protocol
(Andrade & Negrao, 2025; Li et al., 2022; Liu et al., 2023). This inter-
pretation was consistent with SAXS and XRD analyses, which revealed
more diffuse interfaces, a larger radius of gyration, and less intense
Bragg peaks, indicating a lower degree of crystallinity and greater
structural heterogeneity.

It is important to acknowledge that the two extraction procedures
compared in this study differed not only in solvent polarity but also in
operating conditions, including extraction time, temperature, and me-
chanical energy input. Therefore, the observed differences in yield,
chemical composition, carotenoid recovery, thermal behavior, and
structural organization should be interpreted as the result of the overall
extraction protocol rather than as the isolated effect of solvent polarity.
Accordingly, throughout the manuscript, comparisons were framed as
isooctane-based versus ethanol-based protocols. Future studies using
controlled experimental designs in which solvent type, temperature,
extraction time, and mechanical treatment are varied independently
would be necessary to isolate the contribution of each factor to the
composition and structure—function behavior of peach palm oils.

4. Conclusions

The results of this study showed that the composition, supramolec-
ular organization, and technological functionality of peach palm oils
depended on the fruit fraction and the extraction protocol. The oils
exhibited high oleic acid content, which was associated with favorable
nutritional lipid indices, including low atherogenicity and thromboge-
nicity, and comparatively high H/H ratios. In addition, measurable
levels of carotenoids (f-carotene and lycopene) highlighted the potential
of these oils as sources of lipophilic bioactive compounds. Across sam-
ples, differences in predicted TAG distribution and fatty-acid profiles
were reflected in thermal transitions (DSC), crystal morphology (PLM),
and nanostructural/crystalline features (SAXS/XRD), supporting a
consistent relationship between degree of unsaturation, ordering of lipid
assemblies, and physical/structural stability at room temperature.
Rheological analysis was conducted only for the samples that exhibited
structured behavior at 20 °C, namely PU-ISO and PE-ET. PU-ISO
exhibited a more structured behavior at 20 °C, as indicated by melting/
crystallization events extending toward room temperature and by the
development of an interconnected crystalline network. In contrast, PE-
ET showed a weaker viscoelastic network and more heterogeneous
structural signatures, despite exhibiting thermal events near room
temperature, highlighting the combined role of matrix fraction and
extraction conditions in determining oil organization. Overall, this work
provides an integrative characterization of peach palm pulp and peel oils
by correlating chemical composition with multiscale structural and
rheological behavior. The findings reinforce the peel as a valuable lipid
source with relevance to future circular bioeconomy strategies, sup-
porting its use in functional foods and cosmetic formulations within this
framework.
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