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Featured Application

This study provides practical guidance for selecting an extraction method that optimally
balances oil yield, oxidative stability, and retention of bioactive minor constituents in
pomegranate seed oil (PSO). The findings highlight microwave-assisted extraction (MAE)
as an efficient approach for recovering high-quality oil from juice-industry by-products,
while preserving phenolic content and antioxidant capacity. These insights can aid pro-
cess optimization and quality control in PSO production, supporting the development of
functional oils with consistent nutritional and bioactive profiles.

Abstract

Pomegranate juice production generates substantial seed residues, which can be valorized
through extraction of PSO, rich in conjugated C18:3 isomers and bioactive minor con-
stituents. This study compared three solvent-based extraction methods—MAE, Soxhlet
extraction (SE), and cold solvent extraction (CSE)—for PSO recovery from juice-processing
by-products. Oils were extracted using n-hexane and evaluated for yield, oxidative sta-
bility (using pressure differential scanning calorimetry), chemical quality parameters,
fatty acid composition and derived nutritional indices, as well as bioactivity. Extraction
method influenced oil performance: MAE combined the highest yield with the most fa-
vorable oxidative-stability metrics, SE showed intermediate results, and CSE provided
lower yield but slightly better preservation of quality markers. All oils exhibited low
hydrolytic degradation and limited oxidation progression, while fatty acid profiles re-
mained largely unchanged, preserving the characteristic PSO pattern. Phenolic content
and radical-scavenging capacity were moderately sensitive to extraction approach. Overall,
differences in oxidative stability and bioactivity among methods were primarily driven
by process conditions and minor-component retention rather than changes in major fatty
acids, offering guidance for optimizing PSO recovery from juice-industry by-products.

Keywords: pomegranate seed oil; microwave-assisted extraction; Soxhlet extraction; cold
solvent extraction; fatty acid composition; antioxidant activity; oxidative stability

1. Introduction
The increasing global focus on the utilization of plant-based by-products as sources of

functional ingredients is driven by environmental, economic, and health-related benefits,
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thereby accelerating the development of advanced extraction technologies [1]. Pomegranate
(Punica granatum L.) is widely processed into juices, jellies, jams, wines, and used as a fla-
voring and coloring ingredient in beverages [2], generating substantial processing residues,
mainly peels and seeds. Available data indicate that a significant proportion of the fruit
mass is lost as by-products during juice production [3], underscoring the need for efficient
valorization strategies. These by-product streams are increasingly recognized as valuable
sources of bioactive compounds and nutrients, supporting circular-economy approaches
aligned with European Union sustainability goals and “zero/less waste” concepts [4]. In
this context, pomegranate seeds are particularly promising due to the properties of the oil
they contain, and the recovery of pomegranate seed oil (PSO) represents a practical route
for converting processing residues into a high-value raw material [2].

PSO is characterized by an atypical fatty acid (FA) composition, with a predomi-
nance of unsaturated FAs and conjugated derivatives, particularly punicic acid—an iso-
mer of α-linolenic acid (9-cis,11-trans,13-cis-C18:3) [5]. Punicic acid exhibits pleiotropic
health effects, including anticancer and anti-inflammatory activities, beneficial modu-
lation of metabolism via effects on the gut microbiota, attenuation of hepatic steatosis,
as well as anti-atherosclerotic and antidiabetic actions, such as the reduction in insulin
resistance [6–10]. Moreover, PSO is rich in bioactive minor constituents, primarily polyphe-
nols and tocopherols, which display strong antioxidant, anti-inflammatory, and antimi-
crobial properties [11]. The phenolic profile of Punica granatum seed oil is dominated by
phenolic acids and flavonoids; studies frequently report gallic acid as a major component,
together with ellagic, vanillic, p-coumaric and ferulic acids, as well as flavan-3-ols (catechin
and epicatechin) and quercetin derivatives [12]. The sterol fraction is typically dominated
by β-sitosterol, with notable contributions from ∆5-avenasterol, campesterol, and stig-
masterol, reflecting the characteristic phytosterol pattern of plant-derived oils. Regarding
tocopherols, PSO is generally characterized by the predominance of γ-tocopherol, alongside
α- and δ-tocopherol. Its high tocopherol content is frequently indicated as a key factor
contributing to antioxidant capacity and oxidative stability [12,13].

The choice of extraction method influences not only oil yield but also FA composition
and oxidative stability. Conventional Soxhlet extraction (SE) is commonly regarded as a
reference technique due to its high lipid recovery efficiency; however, it requires long ex-
traction times, continuous solvent reflux, and prolonged exposure to elevated temperatures.
These conditions may increase energy demand and operational costs and enhance the risk
of oxidative degradation. Furthermore, the large volumes of organic solvents typically
used in SE raise concerns regarding environmental impact and solvent recovery at the
industrial scale. In contrast, microwave-assisted extraction (MAE) relies on volumetric
dielectric heating, enabling rapid and selective heating of the solvent–matrix system and
improving solvent penetration and cell wall disruption. As a result, MAE generally allows
for significantly shorter processing times, reduced solvent consumption, and lower overall
energy use compared with SE. These features may translate into reduced operational costs
and improved environmental sustainability in industrial applications. Nevertheless, the
intense and localized heating associated with MAE can influence the chemical composi-
tion and physicochemical properties of the extracted oil, depending on microwave power,
extraction time, and solvent type [14].

In addition to these approaches, cold solvent extraction using n-hexane (CSE) is fre-
quently applied as a simple, low-technology alternative conducted at ambient temperature.
This method typically involves maceration or mechanical shaking to promote mass transfer
without external heating. By limiting thermal exposure, CSE may better preserve ther-
molabile minor constituents and reduce heat-induced oxidation compared with SE, while
still benefiting from hexane’s high solubility for nonpolar lipids. However, the absence
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of elevated temperature and continuous solvent renewal can result in slower diffusion
kinetics and, depending on the solid-to-solvent ratio and agitation intensity, potentially
lower extraction efficiency than SE or MAE [14].

The aim of this study was to comprehensively compare the effects of MAE, SE, and
CSE on recovery efficiency and chemical quality of PSO obtained from seeds derived
from industrial juice pressing. The evaluation encompassed oxidative stability under
accelerated oxidation conditions, hydrolytic and oxidative quality indices, FA composition
and FA-derived nutritional indices, phenolic-related parameters, and radical-scavenging
capacity. From an application-oriented perspective, the objective was to provide evidence
supporting the selection of a solvent-based recovery route for PSO from a juice-industry
by-product that offers a favorable balance between extraction yield and preservation of
chemical quality and bioactivity-related properties.

2. Materials and Methods
2.1. Materials

PSOs were obtained from raw material (Punica granatum L., var. Hicaz) cultivated
in Croatia. Fully ripe fruits of uniform size and quality were selected for juice extraction.
After juice extraction, the seeds were sun-dried under ambient conditions (temperature
~25–30 ◦C, relative humidity ~50–60%, weather-dependent) for approximately 2–3 days
and transported to Poland in airtight, sterile, insulated containers to protect them from
moisture and light exposure. Prior to extraction, the pomegranate seeds were further
dried to a moisture content below 8–10% (w/w) at 40–50 ◦C until constant weight was
achieved. The dried material was subsequently cooled to room temperature and stored
under dry, dark conditions (temperature 20–22 ◦C) until further analysis and oil extraction.
All experiments were conducted using the same batch of seeds, no chemical preservatives
were applied, and the same pre-treatment procedure was applied for all extraction variants.
The total storage time from juice extraction to oil processing did not exceed 3 weeks.

Folin–Ciocalteu reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), and p-anisidine were sourced from Sigma-
Aldrich (St. Louis, MO, USA). All other reagents and solvents were obtained from Chem-
Pur (Piekary Śląskie, Poland).

2.2. Methods
2.2.1. Oil Extraction Methods
Microwave-Assisted Extraction (MAE)

MAE was conducted using an ultrasonic–microwave reactor (MW-ER-01, LAB-KITS,
Changsha, China). The operational parameters were selected in accordance with the
procedure reported by Çavdar et al. (2017) [15]. Ground pomegranate seeds were combined
with n-hexane in a microwave-compatible extraction vessel at a solvent-to-sample ratio of
10:1 (v/w).

The extraction process was performed at a microwave power of 220 W for 5 min. Upon
completion of irradiation, the solvent phase containing the extracted oil was separated and
treated with anhydrous magnesium sulfate to eliminate residual moisture, followed by
filtration. Solvent removal was achieved by rotary evaporation under reduced pressure.
The recovered oil was finally flushed with nitrogen to ensure complete elimination of
residual hexane.

Soxhlet Extraction (SE)

Conventional solvent extraction was conducted using a Soxhlet system with n-hexane
as the extracting medium. Prior to extraction, pomegranate seeds (20 g) were commin-
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uted in an IKA TubeMill (IKA Works GmbH & Co. KG, Staufen, Germany) operating at
25,000 rpm to obtain a uniform particle size. The milled material was enclosed in filter paper,
inserted into a cellulose extraction thimble, and positioned within the Soxhlet chamber.

A volume of 200 mL of n-hexane was introduced into the distillation flask, and con-
tinuous extraction under reflux conditions was maintained for 6 h. Following completion
of the extraction cycle, the hexane extract was treated with anhydrous magnesium sulfate
to remove residual moisture and subsequently clarified by filtration. Solvent removal
was achieved by rotary evaporation under reduced pressure. Final traces of hexane were
eliminated by flushing the recovered oil with nitrogen.

Cold Solvent Method (CSE)

CSE was performed using n-hexane as the extracting medium under ambient condi-
tions. Pomegranate seeds (20 g) were immersed in 200 mL of n-hexane and subjected to
continuous mechanical agitation at room temperature for 3 h to promote diffusion of lipids
into the solvent phase.

Following extraction, the liquid phase was separated and treated with anhydrous mag-
nesium sulfate to remove residual moisture, then clarified by filtration. Solvent recovery
was carried out under reduced pressure at 40 ◦C using a rotary evaporator. The obtained
oil was finally flushed with nitrogen to ensure complete removal of residual hexane.

The operating conditions of all extraction procedures are summarized schematically
in Figure 1.

Figure 1. Schematic comparison of Soxhlet extraction (SE), microwave-assisted extraction (MAE), and
cold solvent extraction (CSE) used for the isolation of pomegranate seed oil from pomegranate seeds.

2.2.2. Oil Yield Determination

Extraction efficiency was expressed as oil yield and determined gravimetrically based
on the mass balance of the process. The yield was calculated from the relationship between
the amount of oil recovered after solvent removal and the initial mass of seed material,
according to Equation (1):

Yield (%) =
mo

ms
× 100 (1)
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where mo represents the mass of oil obtained after extraction (g) and ms denotes the mass
of seeds subjected to extraction (g).

2.2.3. Oxidative Stability Evaluation by PDSC

The resistance of the oils to thermo-oxidative degradation was evaluated using pres-
sure differential scanning calorimetry (PDSC). Analyses were performed with a DSC Q20
calorimeter (TA Instruments, Newcastle, WA, USA) operating under elevated oxygen pressure.

Approximately 3.0–4.0 mg of oil was placed in an open aluminum pan, while an empty
pan served as the reference. Samples were subjected to isothermal conditions at 120 ◦C in
an oxygen atmosphere maintained at 1350–1400 kPa.

Under these conditions, oxidation proceeds as an exothermic reaction, enabling kinetic
characterization of the process. The oxidation induction time (OIT) was defined as the
interval between the beginning of the isothermal stage and the onset of the exothermic
deviation from the baseline. The parameter τmax was determined as the time corresponding
to the maximum heat flow of the oxidation peak.

2.2.4. Evaluation of Oxidative Quality Indicators

Chemical indicators reflecting hydrolytic and oxidative deterioration were determined
using standardized AOCS procedures. The acid value (AV; Cd 3d-63 [16]) was used to
assess the level of free FAs formed as a result of lipid hydrolysis. The formation of lipid
hydroperoxides, representing primary oxidation products, was quantified through peroxide
value (PV; Cd 8-53 [17]). Secondary oxidation compounds, mainly aldehydic derivatives,
were evaluated using the p-anisidine value (p-AnV; Cd 18-90 [18]).

To provide an integrated measure of oxidative status, the total oxidation index (TO-
TOX) was calculated by combining PV and p-AnV values according to Equation (2):

TOTOX = 2 × PV + p-AnV (2)

2.2.5. Gas Chromatographic Analysis of Fatty Acid Composition

The FA profile of the analyzed oils was determined after prior conversion to fatty acid
methyl esters (FAME) following the PN-EN ISO 5509:2001 standard [19]. Chromatographic
separation was carried out using a YL6100 gas chromatograph (Young Lin, Seoul, Republic
of Korea) coupled with a flame-ionization detector (FID) and fitted with a BPX-70 fused-
silica capillary column (60 m × 0.25 mm, film thickness 0.25 µm; SGE Analytical Science,
Milton Keynes, UK).

Nitrogen served as the carrier gas under constant flow conditions. The injector and
detector were maintained at 225 ◦C and 250 ◦C, respectively. The oven temperature was
programmed to ensure efficient separation of FAME as follows: initial temperature 70 ◦C
(0.5 min), followed by a temperature increase to 160 ◦C at 15 ◦C min−1, then to 200 ◦C at
1.1 ◦C min−1 with a 12 min hold, and finally to 225 ◦C at 30 ◦C min−1.

FAs were identified by comparison of retention times with reference FAME standards.
Quantification was performed using peak area normalization, and results were expressed
as relative percentage of total identified FAs.

2.2.6. Calculation of Nutritional and Oxidative Quality Indices

The relative FA composition obtained by GC analysis served as the basis for the
calculation of lipid quality descriptors reflecting potential cardiovascular and metabolic
effects. All indices were derived from the percentage contribution of individual FAs to the
total identified FA pool.

To evaluate the balance between pro- and anti-atherogenic components, the athero-
genic index (AI), thrombogenic index (TI), and saturated-to-polyunsaturated FA ratio (S/P)
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were determined according to the equations proposed by Ulbricht and Southgate [20]
(Equations (3)–(5)):

AI =
C12 : 0 + (4 × C14 : 0) + C16 : 0

∑ MUFA + ∑ PUFA n-6 + ∑ PUFA n-3
(3)

TI =
C14 : 0 + C16 : 0 + C18 : 0

0.5 × ∑ MUFA + (0.5 × ∑ PUFA n-6) + (3 × ∑ PUFA n-3) + ∑ PUFA n-3
∑ PUFA n-6

(4)

S/P =
C14 : 0 + C16 : 0 + C18 : 0

MUFA + PUFA
(5)

Complementary indicators describing the hypocholesterolemic potential of the oils
included the health-promoting index (HPI) [21] and the hypocholesterolemic/hypercholes-
terolemic ratio (h/H) [22], calculated as follows:

HPI = ∑ UFA
C12 : 0 + (4 × C14 : 0) + C16 : 0

(6)

h/H =
cis-C18 : 1 + ∑ PUFA

C12 : 0 + C14 : 0 + C16 : 0
(7)

where UFA denotes unsaturated FAs, MUFA monounsaturated FAs, and PUFA polyunsat-
urated FAs.

In addition, the Calculated Oxidizability Index (COX), expressing theoretical suscepti-
bility to oxidative degradation as a function of unsaturation level, was determined using
Equation (8) [23]:

COX =
1(C18 : 1%) + 10.3(C18 : 2%) + 21.6(C18 : 3%)

100
(8)

2.2.7. Preparation of Oil Extracts for Bioactivity and Antioxidant Analyzes

To isolate polar bioactive constituents, a liquid–liquid extraction system based on
hexane and methanol was applied according to Siol et al. [24]. Each oil sample (0.5 g)
was dispersed in a biphasic mixture consisting of equal volumes of hexane and methanol
(2.5 mL each). After intensive agitation to promote phase contact, the system was cen-
trifuged at 4000 rpm to accelerate separation of the organic and methanolic layers.

The methanolic fraction, containing the target antioxidant compounds, was carefully
recovered. The extraction cycle was performed three consecutive times to ensure effi-
cient recovery of polar constituents. The pooled methanolic extracts were subsequently
clarified by filtration through a 0.22 µm PTFE membrane prior to further bioactivity and
antioxidant determinations.

2.2.8. Determination of Total Polyphenol Content (TPC)

Total phenolic compounds were quantified using the Folin–Ciocalteu colorimetric
assay following the approach of Gao et al. [25]. For analysis, 200 µL of the oil sample
was combined with diluted Folin–Ciocalteu reagent and distilled water, followed by the
addition of 20% sodium carbonate to initiate the color-forming reaction. The reaction
mixture was homogenized and allowed to react under light-protected conditions for 60 min
at room temperature.

The absorbance of the resulting blue complex was recorded at 765 nm using a Jenway
6305 UV–Vis spectrophotometer (Cole-Parmer, Vernon Hills, IL, USA), with methanol
serving as the reference. Quantitative evaluation was based on a gallic acid calibration
curve prepared within the concentration range of 100–1200 mg/L. Results were expressed
as milligrams of gallic acid equivalents per gram of oil (mg GAE/g oil).
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2.2.9. Evaluation of Antioxidant Capacity Using ABTS•+ Radical Cations

Radical scavenging capacity was evaluated using the ABTS•+ decolorization assay,
based on the method of Re et al. [26] with modifications. The radical cation was generated
by reacting ABTS (14 mM) with potassium persulfate (4.9 mM) under equimolar conditions.
The reaction mixture was stored under refrigerated and light-protected conditions for at
least 16 h to ensure complete formation of the chromophoric radical species.

Before measurements, the resulting solution was diluted with distilled water to obtain
an initial absorbance of 0.680–0.720 at 734 nm. Antioxidant capacity was quantified against
a Trolox calibration curve constructed within the concentration range of 0–1125 µmol/L.
The results were calculated and expressed as µmol Trolox equivalents (TE) per 100 g of oil.

2.2.10. Evaluation of Antioxidant Capacity Using DPPH Free Radicals

The ability of the oils to neutralize stable free radicals was assessed using the DPPH
assay based on the method of Brand-Williams et al. [27]. A stock solution of 1,1-diphenyl-2-
picrylhydrazyl (0.6 mM in methanol) was prepared in advance and kept under refrigerated,
light-protected conditions for approximately 16 h to ensure reagent stabilization. Prior to
analysis, the working solution was adjusted with methanol to obtain an initial absorbance
between 0.680 and 0.720 at 515 nm.

For each determination, 100 µL of the oil sample was combined with 4 mL of the
adjusted DPPH solution. After thorough mixing and clarification of the mixture, the
reaction proceeded in the absence of light for 30 min at ambient temperature. The reduction
in absorbance was recorded spectrophotometrically at 515 nm using methanol as the
reference. Quantitative evaluation was carried out by comparison with a Trolox calibration
curve prepared under analogous experimental conditions. The antioxidant capacity of the
samples was expressed as µmol Trolox equivalents per 100 g of oil.

2.2.11. Statistical Analysis

All measurements were performed in triplicate for each extraction method, and the
results are presented as mean ± standard deviation (SD). Statistical analyses were con-
ducted using Statistica software (version 13.3; TIBCO Software Inc., Palo Alto, CA, USA).
Differences among extraction methods were assessed by one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test. Statistical significance was set at p ≤ 0.05.

In addition to univariate testing, multivariate analyses were applied to explore rela-
tionships among variables and to characterize samples across extraction methods. Pearson
correlation analysis was visualized as a heatmap. Principal component analysis (PCA) was
performed on z-standardized variables using the correlation matrix to summarize covaria-
tion patterns and to visualize sample separation, with the first two principal components
used for interpretation.

3. Results and Discussion
3.1. Extraction Yield and Oxidative Stability of Pomegranate Seed Oils

The oil extraction method may affect both technological performance and the oxidative
stability of the recovered lipid fraction. Table 1 summarizes the extraction yield, oxidation
induction time (OIT), and the time corresponding to the maximum intensity of oxidative
changes (τmax) determined by PDSC for the analyzed PSOs.
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Table 1. Extraction yield, oxidation induction time (OIT), and time corresponding to the maxi-
mum intensity of oxidative changes (τmax) of pomegranate seed oils (PSOs) obtained by different
extraction methods.

Type of Sample Yield [%] OIT [min] τmax [min] COX

PSO_MAE 12.05 a ± 0.27 5.31 a ± 0.12 5.57 a ± 0.27 17.25 a ± 0.05
PSO_SE 11.49 a ± 0.22 4.19 c ± 0.09 4.57 c ± 0.13 17.31 a ± 0.03

PSO_CSE 11.10 b ± 0.15 4.55 b ± 0.10 4.90 b ± 0.15 17.28 a ± 0.04
MAE, microwave-assisted extraction; SE, Soxhlet extraction; CSE, cold solvent extraction. Different lowercase
letters indicate significant differences (p ≤ 0.05). Data are expressed as mean ± SD.

PSO_MAE exhibited a slightly higher yield than PSO_SE, whereas PSO_CSE resulted
in the lowest lipid recovery (Table 1). Notably, PSO_MAE also demonstrated the most
favorable oxidative stability profile, reflected by the highest OIT and τmax values. Because
COX derived from FA composition, was very similar across all samples (Table 1), the
observed differences in OIT and τmax are unlikely to result from variations in FA-derived
oxidation susceptibility. Instead, they are more plausibly attributed to process-related
factors, including time–temperature history and differences in the content or preservation
of minor constituents capable of modulating oxidation kinetics.

The finding that PSO_MAE provided at least comparable—and in this case slightly
higher—oil recovery than PSO_SE and PSO_CSE is consistent with previous reports. Opti-
mization studies have shown that MAE can achieve high yields within minutes, whereas
SE typically operates on an hour-scale and CSE often produces lower recoveries due to
diffusion limitations [15]. Similar trends have been observed in comparative studies bench-
marking MAE against other techniques, such as ultrasound-assisted extraction and cold
pressing [28–30].

With respect to oxidative stability, the literature indicates that the recovery method can
significantly influence PDSC-derived parameters (e.g., OIT) in PSO [31,32]. Importantly,
such differences are not necessarily driven solely by FA composition but may reflect the
cumulative thermal and oxidative exposure during extraction, as well as the retention
or degradation of antioxidant-active minor compounds present in the unsaponifiable
fraction [24,31–33]. The similarity of COX values across samples in the present study further
supports the interpretation that the differences in OIT and τmax are more closely related to
processing conditions and minor constituents than to intrinsic FA-based oxidizability [24,32].

The higher recovery obtained for PSO_MAE can be explained by the mechanism of
dielectric heating in plant matrices. Microwave energy primarily interacts with polar mi-
crodomains (including residual moisture), leading to localized heating, pressure build-up,
cell swelling, and microfracturing of cell walls. These effects enhance solvent penetration
and facilitate lipid desorption from intracellular structures [28]. Although n-hexane exhibits
low microwave absorption, extraction efficiency may still be enhanced through indirect
heating of the matrix, while the solvent is warmed predominantly via conductive heat
transfer [29].

PSO_SE achieves high recovery due to continuous solvent recirculation and main-
tenance of a strong concentration gradient. However, prolonged exposure to elevated
temperatures may promote oxidative changes during extraction and reduce the retention
of thermolabile minor constituents, which is consistent with the comparatively lower OIT
and τmax observed for PSO_SE (Table 1) [24]. In contrast, PSO_CSE is conducted under
mild thermal conditions and is largely diffusion-controlled. Although agitation improves
phase contact, the absence of a matrix-disrupting intensification mechanism and the lack
of elevated temperature limit mass transfer, explaining the lower yield. At the same time,
mild conditions may favor the preservation of heat-sensitive components, potentially
contributing to intermediate oxidative stability parameters.
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3.2. Quality Parameters of Pomegranate Seed Oils

The chemical quality of edible oils is primarily assessed using hydrolytic and oxidative
indicators that reflect the extent of triacylglycerol degradation and lipid oxidation. In this
context, acid value (AV), peroxide value (PV), p-anisidine value (p-AnV), and the integrated
TOTOX index are widely applied to evaluate both the initial and advanced stages of
oil deterioration.

AV quantifies the content of free fatty acids, expressed as mg KOH per gram of oil, and
reflects the extent of triacylglycerol hydrolysis. For cold-pressed oils, AV should not exceed
4 mg KOH/g according to Codex Alimentarius [34]. PV measures primary oxidation
products (lipid hydroperoxides) and is expressed as milliequivalents of active oxygen per
kilogram of fat; recommended limits for cold-pressed oils are ≤10 meq O2/kg [35] or
≤15 meq O2/kg [34]. p-AnV assesses secondary oxidation products, mainly aldehydes
formed via hydroperoxide decomposition, and is considered a sensitive indicator of more
advanced lipid oxidation. The overall oxidative status can be summarized by the TOTOX
index, integrating both primary and secondary oxidation stages.

The hydrolytic and oxidative indices (AV, PV, p-AnV), together with the integrated
TOTOX index, indicate that all oils obtained in this study were of good quality at the time
of analysis, and that differences among extraction methods were relatively small (Table 2).
AVs in all samples remained well below the regulatory limit for cold-pressed oils, indicating
limited hydrolytic degradation. The highest AV was observed for PSO_SE and the lowest
for PSO_CSE. This pattern is consistent with the higher cumulative time–temperature load
during Soxhlet extraction and the milder thermal conditions applied in CSE.

Table 2. Quality parameters of pomegranate seed oils (PSOs) obtained by different extraction methods.

Type of Oil AV
[mg KOH/g]

PV
[meq O2/kg] p-AnV TOTOX

PSO_MAE 3.48 a ± 0.12 3.16 a ± 0.18 14.11 a ± 0.20 20.43 a ± 0.19
PSO_SE 3.63 a ± 0.14 3.18 a ± 0.13 14.27 a ± 0.22 20.63 a ± 0.21

PSO_CSE 3.30 b ± 0.10 2.95 b ± 0.12 13.55 b ± 0.13 19.25 b ± 0.18
MAE, microwave-assisted extraction; SE, Soxhlet extraction; CSE, cold solvent extraction; AV, acid value; PV,
peroxide value; p-AnV, anisidine value. Different lowercase letters indicate significant differences (p ≤ 0.05). Data
are expressed as mean ± SD.

PVs were very low and compliant with quality standards, suggesting limited formation
of lipid hydroperoxides during extraction and effective control of oxidation initiation.
Differences in PV among samples were marginal (Table 2). In contrast, p-AnV values—
although still within a narrow range—showed slightly clearer differentiation: the highest
value was recorded for PSO_SE and the lowest for PSO_CSE. Consequently, the TOTOX
index followed the same pattern, with the lowest values for PSO_CSE and the highest for
PSO_SE. Given the comparable PV levels, differences in TOTOX were driven primarily
by variation in secondary oxidation products rather than by hydroperoxide accumulation.
Overall, all extraction methods yielded oils of satisfactory oxidative quality; however, the
lower-thermal-load process (CSE) showed a moderate advantage over SE with respect to
acidity and secondary oxidation markers.

The obtained values fall within the ranges reported for PSO, although the literature
indicates substantial variability in AV and PV depending on raw material quality, pro-
cessing technology, and storage conditions. Studies on commercial PSOs have reported
wide ranges of AV and PV already upon opening, as well as a pronounced increase in PV
during storage, underscoring the heterogeneity of market products and the importance of
production and logistics practices [36].
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In the study by Liu et al. [37], which included MAE with n-hexane, markedly lower
AVs (~1.24 mg KOH/g) were reported compared with those observed in the present study,
whereas PV for MAE remained at a similar order of magnitude (~5.47 meq O2/kg). This
comparison suggests that between-study discrepancies primarily concern free fatty acids
levels (AV), while PVs tend to remain within comparable ranges. Such differences may
reflect variability in raw material characteristics (e.g., cultivar, maturity stage), pretreatment
conditions (seed damage, drying, storage), and enzymatic activity affecting lipolysis prior
to extraction. Methodological details and post-extraction handling may further influence
free fatty acids formation and early oxidative events.

Importantly, Liu et al. [37] also demonstrated that Soxhlet extraction was associ-
ated with relatively higher PV compared with selected alternative approaches, whereas
shaking extraction yielded lower PV than Soxhlet. This confirms the sensitivity of PV to
time–temperature history and process configuration. Regarding secondary oxidation, the
literature emphasizes that p-AnV and TOTOX are particularly responsive to cumulative
thermal exposure and to changes in the minor-component fraction, including natural an-
tioxidants. For example, studies on thermally processed PSO have highlighted the need
to interpret PV, p-AnV, and TOTOX jointly to obtain a comprehensive picture of oxidative
status [38]. Furthermore, microwave pretreatment of pomegranate seeds has been shown
to modify PV, p-AnV, and TOTOX, with the direction and magnitude of changes depending
on cultivar and processing parameters, reflecting alterations in antioxidant and prooxidant
balance [33].

Therefore, method-dependent differences in AV, PV, and p-AnV/TOTOX can be ratio-
nalized primarily by variations in time–temperature history, oxygen and moisture avail-
ability, extraction selectivity, and the retention or degradation of minor constituents (an-
tioxidants and/or prooxidants). Prolonged exposure to elevated temperature promotes
hydroperoxide decomposition and downstream reactions; consequently, even at low PV,
an increased proportion of secondary oxidation products may be detected, which is more
clearly reflected by p-AnV and TOTOX than by PV alone. This interpretation is consis-
tent with observations reported by Kozłowska et al. [39] for almond oil, where extraction
technique—particularly temperature and solvent characteristics—exerted a stronger in-
fluence on oxidative quality indices than the raw material itself, and higher temperature
shifted the oxidation profile toward secondary products (p-AnV/TOTOX).

3.3. Fatty Acid Profile of Pomegranate Seed Oils

The FA composition is a key determinant of the nutritional value, technological
functionality, and oxidative behavior of edible oils. Therefore, assessing the FA profile of
PSO allows verification of whether different extraction techniques modify its characteristic
lipid structure. To evaluate the impact of extraction technique on oil composition, the FA
profile of PSO samples obtained by MAE, CSE and SE was determined (Table 3).

The FA composition of PSO was dominated by conjugated C18:3 isomers (ΣCLnA),
accounting for approximately 76–77% of total FAs, irrespective of the extraction method
(Table 3; Figure 2). The remaining fraction consisted mainly of non-conjugated unsatu-
rated FAs, primary linoleic acid (C18:2 n-6) and oleic acid (C18:1 n-9), while saturated
FAs (C16:0, C18:0 and C20:0) were present at moderate levels. This compositional pattern
is consistent with the well-established PSO profile described in the literature, which em-
phasizes the predominance of conjugated linolenic acids, especially punicic acid, as the
characteristic feature of this oil, accompanied by oleic and linoleic acids as major secondary
components [15,24,38].
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Table 3. Fatty acid profile [%] and nutritional indices of pomegranate seed oils (PSOs) obtained by
different extraction methods.

PSO_MAE PSO_SE PSO_CSE

C16:0 3.11 a ± 0.02 2.99 b ± 0.02 3.05 a ± 0.02
C18:0 2.60 a ± 0.36 2.50 a ± 0.21 2.55 a ± 0.25

C18:1 n-9c 6.08 a ± 0.04 5.88 b ± 0.04 5.98 a ± 0.08
C18:2 n-6c 6.60 a ± 0.06 6.36 b ± 0.03 6.48 a ± 0.06

C20:0 0.68 a ± 0.01 0.67 b ± 0.01 0.68 a ± 0.02
C20:1 n-9c 0.90 a ± 0.07 0.86 a ± 0.02 0.88 a ± 0.03

C18:3 (9c, 11t, 13c) 76.41 a ± 0.18 76.81 b ± 0.12 76.60 b ± 0.15
other 3.62 a ± 0.11 3.93 b ± 0.09 3.78 a ± 0.10

S/P 0.06 a ± 0.01 0.06 a ± 0.01 0.06 a ± 0.01
AI 0.30 a ± 0.01 0.30 a ± 0.01 0.30 a ± 0.01
TI 0.13 a ± 0.01 0.12 a ± 0.01 0.12 a ± 0.01

HPI 28.94 b ± 0.07 30.07 a ± 0.13 29.49 b ± 0.09
h/H 28.65 b ± 0.09 29.78 a ± 0.14 29.20 b ± 0.10

MAE, microwave-assisted extraction; SE, Soxhlet extraction; CSE, cold solvent extraction; S/P, saturated-to-
polyunsaturated fat ratio; AI, atherogenic index; TI, thrombogenic index; HPI, health-promoting index; h/H,
hypocholesterolemic/hypercholesterolemic ratio. Different lowercase letters indicate significant differences
(p ≤ 0.05). Data are expressed as mean ± SD.

 

6.39a±0.39 6.16a±0.24 6.28a±0.29

6.98a±0.11 6.74b±0.06 6.86a±0.11

6.60a±0.06 6.36b±0.03 6.48b±0.06
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Figure 2. Fatty acid profile [%] of pomegranate seed oils (PSOs) obtained by different extraction
methods, where MAE, microwave-assisted extraction; SE, Soxhlet extraction; CSE, cold solvent
extraction; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
(non-conjugated) fatty acids; ΣCLnA, conjugated C18:3 isomers (including punicic acid). Different
lowercase letters indicate significant differences (p ≤ 0.05). Data are expressed as mean ± SD.
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Comparison of extraction methods revealed a highly similar qualitative and quanti-
tative FA profile, with only marginal differences in the relative proportions of individual
fractions (Table 3; Figure 2). This observation aligns with the findings of Liu et al. [37], who
compared conventional and alternative (“green”) extraction approaches, including MAE,
and reported limited variability in FA composition, with preservation of punicic acid as
the dominant component. Although some studies suggest that more intensive microwave
treatment or pretreatment may induce subtle shifts in selected FA fractions, including slight
reductions in punicic acid under stronger exposure conditions [33], the present results
indicate that the applied extraction parameters did not induce substantial modification of
the overall FA profile.

Importantly, while standard FAME analysis confirms the dominance of ΣCLnA, it
does not provide detailed information on the distribution of individual conjugated isomers.
Therefore, although no major changes in total CLnA content were observed, definitive
assessment of potential alterations in specific isomer patterns would require targeted
analytical approaches beyond routine methyl ester profiling [33].

The FA-derived nutritional indices (atherogenicity index, AI; thrombogenicity in-
dex, TI; health-promoting index, HPI; hypocholesterolemic/hypercholesterolemic ratio,
h/H) further confirm the highly favorable lipid profile of PSO and indicate no practically
meaningful influence of extraction method on this assessment (Table 3). These indices are
calculated solely from the FA composition and are used here as comparative descriptors
of the lipid profile across extraction methods. Notably, AI and TI were originally pro-
posed primarily for animal-derived foods; therefore, in the case of plant oils they should
be interpreted cautiously and in a relative (between-sample) manner rather than as a di-
rect estimate of cardiovascular risk. Nevertheless, the application of AI and TI to plant
oils is commonly reported in the literature as a useful tool for comparing lipid quality
among samples [40–42]. In general, lower AI and TI values and higher h/H and HPI
values are interpreted as indicative of a more favorable balance between FAs considered
pro-atherogenic/pro-thrombogenic and those regarded as protective [43,44].

In the present study, AI and TI were identical across all oils, reflecting the essentially
unchanged balance between saturated and unsaturated FAs among extraction methods.
HPI and h/H exhibited only minor differences, corresponding to small shifts in the rela-
tive contribution of individual unsaturated FAs, while preserving the PSO-typical profile
dominated by ΣCLnA. These findings are consistent with our previous study on commer-
cial PSOs, where oxidative quality parameters varied markedly among market samples,
whereas FA-derived health indices remained comparatively stable due to the conserved
CLnA-rich FA profile [36].

Overall, the small differences observed among extraction methods should be inter-
preted as secondary effects of minor quantitative shifts within an otherwise stable FA matrix,
rather than as alterations in the intrinsic nutritional or health-related lipid characteristics
of PSO.

3.4. Bioactive Properties of Pomegranate Seed Oils

Beyond basic chemical quality, the biological potential of PSO is closely linked to its
content of minor antioxidant constituents. Therefore, to evaluate the effect of the extraction
method on bioactivity-related parameters of PSO, total polyphenol content (TPC) and
radical-scavenging capacity were determined using ABTS and DPPH assays, and the
results are summarized in Table 4.
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Table 4. Total polyphenol content (TPC) and antioxidant capacity (ABTS and DPPH) of pomegranate
seed oils (PSOs) obtained by different extraction methods.

Type of Oil TPC
[mg GAE/g]

ABTS
[µmol TE/g]

DPPH
[µmol TE/g]

PSO_MAE 2.08 a ± 0.08 4.16 a ± 0.08 15.04 a ± 0.10
PSO_SE 1.53 c ± 0.14 4.04 a ± 0.13 14.73 b ± 0.12

PSO_CSE 1.82 b ± 0.11 4.12 a ± 0.10 14.91 ab ± 0.16
MAE, microwave-assisted extraction; SE, Soxhlet extraction; CSE, cold solvent extraction; GAE, gallic acid
equivalents; TE, Trolox equivalents. Different lowercase letters indicate significant differences (p ≤ 0.05). Data are
expressed as mean ± SD.

The data indicate that the extraction method was associated with measurable differ-
ences in parameters related to the bioactive potential of PSO. TPC was highest in PSO_MAE
and lowest in PSO_SE, while PSO_CSE showed intermediate values (Table 4). This pattern
suggests that MAE either enhanced recovery or improved retention of phenolic compounds
compared with SE. The shorter processing time and reduced cumulative thermal exposure
in MAE likely limited degradation or transformation of thermolabile phenolics, whereas
prolonged heating during SE may have contributed to partial losses of these compounds.

Antioxidant activity determined by ABTS and DPPH assays was relatively similar
among all oils; nevertheless, the highest radical-scavenging capacity was consistently
observed for PSO_MAE and the lowest for PSO_SE (Table 4). The parallel direction of
variation in TPC and ABTS/DPPH values suggests that the phenolic fraction contributed
to the measured antioxidant capacity. However, because only total polyphenols were
quantified—without characterization of individual phenolic classes or other antioxidant-
active constituents (e.g., tocopherols, sterols, or specific phenolic compounds)—this rela-
tionship should be interpreted as a consistent association rather than direct mechanistic
proof. It should also be considered that radical-scavenging assays reflect overall electron-
or hydrogen-donating capacity under defined in vitro conditions and do not necessarily
represent oxidative behavior in complex lipid systems.

Overall, the results indicate a moderate advantage of PSO_MAE over PSO_SE in terms
of bioactivity-related metrics, while differences among extraction methods remained quan-
titative rather than qualitative, as all samples exhibited comparable orders of magnitude in
TPC and antiradical capacity.

The literature reports wide variability in phenolic-related metrics and antioxidant
activity of PSO, largely due to differences in raw material, extraction conditions, and—
critically—the basis of expression (e.g., mg/kg vs. mg/g; µmol vs. mmol; gallic acid
equivalents vs. tannic acid equivalents). An important contextual factor in the present
study is that the oil was obtained from pomegranate seeds representing a by-product after
juice pressing. Such material has already undergone technological processing and may be
partially depleted of water-soluble phenolics. Consequently, both the concentration and
profile of compounds available for co-extraction into the oil phase may differ from those in
oils obtained from fresh, untreated seeds. Therefore, direct comparison of absolute values
with studies using different raw materials should be made with caution.

In the present study, TPC ranged from 1.53 to 2.08 mg GAE/g oil, placing the re-
sults within the low-to-moderate range reported for PSO. For example, Amri et al. [13]
reported markedly lower TPC for Soxhlet-extracted PSO (93.42 ± 1.57 mg GAE/kg, i.e.,
~0.093 mg GAE/g), highlighting how both processing conditions and reporting format
substantially influence numerical comparability. In our previous investigation of com-
mercial PSOs, oxidative quality parameters varied considerably among market samples,
whereas phenolic-related metrics and antiradical activity remained within the same order
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of magnitude, supporting the view that raw material origin and handling strongly influence
these endpoints [36].

Higher antiradical values have also been described in the literature; for instance,
Rojo-Gutiérrez et al. [45] reported exceptionally high ABTS activity for PSO, although
careful verification of units and conversion factors is necessary for meaningful comparison.
Similarly, Abbasi et al. [46] reported high TPC values for PSO obtained under supercrit-
ical CO2 (SFE-CO2) and Soxhlet conditions, expressed as tannic acid equivalents, and
demonstrated that increasing pressure and temperature during SFE-CO2 reduced phenolic
extraction efficiency [46]. These findings emphasize that solvent system, extraction intensity,
and reporting conventions materially influence reported bioactivity-related parameters.

It should be noted that this study did not include the identification or quantitative
determination of individual phenolic compounds and tocopherols in PSO obtained under
different extraction methods, which limits the ability to directly associate observed quality
differences with specific constituents of the minor fraction. These minor components are
known to play a critical role in modulating oxidative stability, antioxidant capacity, and
other bioactive properties. Therefore, while TPC provides a general indication of antioxi-
dant potential, the lack of detailed profiling prevents precise attribution of differences in
oil quality to specific bioactive molecules.

Taken together, the present results support the conclusion that extraction method
modulates the recovery of phenolic compounds and associated radical-scavenging capacity,
with MAE showing a modest advantage under the applied conditions, while overall
bioactive potential remained within a comparable range across methods.

3.5. Multivariate Analysis of Pomegranate Seed Oils by Principal Component Analysis (PCA)

Figure 3 presents a Pearson correlation heatmap, where the color scale (see the legend)
indicates both the direction (positive vs. negative) and strength of the correlation coefficient
(r) among the analyzed variables. The legend provides the corresponding “r” values
for the color scale. The heatmap revealed consistent and mechanistically meaningful
relationships among extraction yield, oxidative stability indices, antioxidant parameters,
and fatty acid-related variables. Oil yield was negatively correlated with τmax and positively
associated with COX, indicating that higher extraction efficiency tended to coincide with
lower oxidative stability and greater theoretical susceptibility to oxidation. PV and p-AnV,
representing primary and secondary oxidation products, respectively, were positively
correlated with each other and with COX. In contrast, τmax showed negative correlations
with PV and p-AnV, indicating that prolonged resistance to oxidation was associated with
lower levels of both primary and secondary lipid oxidation products (Figure 3).

Antioxidant-related parameters—TPC and DPPH radical scavenging activity were pos-
itively correlated, reflecting the contribution of phenolic compounds to radical-scavenging
capacity. These variables were inversely associated with PV and p-AnV, supporting their
protective role against oxidative deterioration. Conjugated C18:3 isomers, characterized by
a high degree of unsaturation, showed positive correlations with PV and p-AnV and
a negative correlation with τmax, highlighting the contribution of FA composition to
oxidative behavior.

PCA provided an integrated evaluation of these interrelationships (Figure 4). The
first two principal components explained 88.16% of the total variance (PC1: 48.60%;
PC2: 39.56%), indicating that the two-dimensional model adequately represented the
dataset (Figure 4a). The scores plot (Figure 4a) demonstrated clear method-dependent
discrimination: PSO_MAE samples were located on the positive side of PC1, PSO_SE
samples were shifted toward negative PC1 values, and PSO_CSE samples occupied in-
termediate positions. Importantly, PCA is an exploratory, descriptive tool; therefore, this
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separation should be interpreted as associative rather than causal. The tight clustering of
replicates within each extraction method confirmed good analytical reproducibility and
internal consistency.

Figure 3. Heatmap of Pearson correlation coefficients (R) among selected variables of pomegranate
seed oils obtained by different extraction methods. The analyzed variables included oil yield,
conjugated C18:3 isomers (CLnA), total polyphenol content (TPC), antioxidant activity determined by
the DPPH assay, p-anisidine value (p-AnV), peroxide value (PV), calculated oxidizability value (COX)
and oxidation time (τmax). The color intensity represents the direction and strength of the correlations.
The color scale (legend) denotes Pearson’s “r”, with negative values indicating inverse relationships
and positive values indicating direct relationships; color intensity reflects correlation magnitude.

The loading plot (Figure 4b) clarified the variables responsible for this separation.
PC1 was positively associated with oxidative stability and antioxidant-related parameters
(OIT, τmax, TPC, ABTS, DPPH), whereas negative PC1 values were aligned more strongly
with CLnA and COX, reflecting increased susceptibility to oxidation driven by FA com-
position. PC2 was predominantly influenced by conventional oil quality indices (AV, PV,
p-AnV), capturing additional variability related to hydrolytic and oxidative deterioration
(Figure 4b).

Taken together, the correlation structure (Figure 3) and multivariate discrimination pat-
tern (Figure 4) consistently show method-dependent differences in PSO quality attributes,
reflected by coordinated variation in FA composition-related variables, antioxidant param-
eters, and oxidative stability indices, resulting in a coherent multivariate differentiation
of samples.
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(a) (b) 

Figure 4. Principal component analysis (PCA) of pomegranate seed oils (PSOs) obtained by different
extraction methods: microwave-assisted extraction (MAE), Soxhlet extraction (SE), cold solvent
extraction (CSE). (a) Scores plot showing the distribution of samples (three replicates per method)
along PC1 (48.60%) and PC2 (39.56%). (b) Loading plot for PC1 and PC2 illustrating the contribution
of oxidative stability parameters (oxidation induction time, OIT; oxidation time, τmax), oil quality
indices (acid value, AV; peroxide value, PV; p-anisidine value, p-AnV; calculated oxidizability value,
COX), antioxidant-related parameters (total polyphenol content, TPC; ABTS radical scavenging
activity, ABTS; DPPH radical scavenging activity, DPPH), fatty acid-related metrics (conjugated
C18:3 isomers, CLnA; saturated-to-polyunsaturated fatty acid ratio, S/P), and nutritional indices
(atherogenic index, AI; thrombogenic index, TI; hypocholesterolemic/hypercholesterolemic ratio,
h/H; health-promoting index, HPI). The red axes mark the origin of the PC1–PC2 space, while the
red circle indicates the correlation circle. Green vectors represent variable loadings.

4. Conclusions
The extraction method significantly influenced the technological performance, ox-

idative stability, and bioactive properties of PSO, while the FA core remained largely
unchanged. Under the conditions applied in this study, MAE offered the most favorable
balance, combining high oil yield with superior oxidative-stability metrics (OIT, τmax),
whereas CSE gave lower recovery but better preservation of mild-processing quality mark-
ers. SE produced intermediate results, consistent with longer exposure to heat.

All oils exhibited good chemical quality, with low hydrolytic degradation (AV) and
limited primary (PV) and secondary (p-AnV) oxidation. The FA profile was conserved
across methods, dominated by conjugated C18:3 isomers, yielding consistently favorable
nutritional indices (AI, TI, HPI, h/H). In contrast, phenolic content and radical-scavenging
activity were more responsive to processing, with MAE showing a higher advantage over
SE and CSE generally intermediate.

Multivariate analysis was consistent with these trends: higher yield correlated with in-
creased theoretical oxidation susceptibility (COX) and lower τmax, while antioxidant-related
variables (TPC, DPPH) inversely associated with primary and secondary oxidation markers.
PCA highlighted method-dependent differentiation, which is interpreted as descriptive (as-
sociative) rather than causal, reflecting coordinated effects on minor components, oxidative
stability, and FA-related traits.

Overall, extraction method appears to influence PSO quality primarily through minor-
component retention and processing severity rather than changes in the major fatty-acid
matrix. Targeted profiling of minor constituents, including individual phenolic compounds,
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tocopherols, and conjugated C18:3 isomers, represents a key direction for future studies to
better understand how extraction conditions influence the functional properties of PSO.
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