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Abstract
Pomegranate is a berry fruit that has attracted a lot of attention since, besides its appetizing taste, it confers important health 
benefits when consumed. Pomegranate derivatives such as seeds are also an excellent nutritional source of bioactive compo-
nents and functional lipids. The present study aimed to evaluate the influence of microwave-assisted and ultrasound-assisted 
extractions, under different extraction parameters (temperature, extraction time, solvent to sample ratio) for the recovery 
of the highest amount of pomegranate seed oil. There were not significant differences between the obtained oil yields for 
microwave-assisted and ultrasound-assisted extractions (18.38 and 17.64%, respectively). For both methods, temperature and 
solvent to sample ratio exerted the main influence on pomegranate seed oil extraction yield, whereas extraction time only 
affected microwave-assisted extraction. Based on the obtained results and considering economic issues, the best treatment 
was using ultrasound-assisted extraction at 45 °C, 10 min and a solvent to sample ratio of 1:5 (g/mL), with an oil yield of 
17.64%. Six fatty acids were identified by GC/MS, with punicic acid (> 75%) as the major residue in pomegranate seed oil. 
The extracted oil showed antioxidant values of 9.81 and 3.93 mg TE/g of seed, with 91.29 and 98.28% scavenging activity 
against DPPH and ABTS radicals, respectively. The oil also exhibited a 95.99% of lipid oxidation inhibition. Pomegranate 
seed is a potential source of health-promoting compounds, such as punicic acid, and natural antioxidants with a high radical 
scavenging activity.
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Introduction

Pomegranate (Punica granatum L.) is a native fruit from the 
Middle East that belongs to the berry’s group. During the 
last decade, it has gained a lot of attention due to its impor-
tant health benefits and appetizing taste [1, 2]. Pomegranate 

consists of arils (55–60%, w/w) [3], peel (40–50%, w/w) 
[4], and seeds (3%, w/w) [5]. In general, the fruit and its 
derivatives are an excellent nutritional source of bioactive 
components, such as phenolic compounds (anthocyanins, 
vitamin C, tannins, punicalagin, punicalin, among others), 
organic acids, sterols, terpenoids, alkaloids, and enzymes 
[1, 6, 7]. Many of these bioactive compounds, as well as 
bioactive lipids (conjugated linoleic acids), are found in the 
pomegranate seed oil (PSO) [8–12]. Hence, the oil contained 
in seeds (12–20%, w/w [13]) has been reported to exert 
nutraceutical and bioactive properties (antioxidant activ-
ity), as well as medical applications since it can be used 
for women therapy during menopause [14, 15]. The fatty 
acid profile of PSO mainly includes punicic acid (PuA) (up 
to 80% of total fatty acids), an isomer of α-linolenic acid 
[13, 16, 17] with considerable health benefits; namely, anti-
oxidant, antitumor, immunomodulatory, anti-atherosclerotic 
and serum lipid-lowering activities [11, 18]. Other fatty acid 
residues are linoleic (0.4–17.7%), oleic (0.4–17.7%), stearic 

 * J. J. Buenrostro-Figueroa 
 jose.buenrostro@ciad.mx

1 Research Center in Food and Development A.C., Av. 4ta Sur 
3820, Fracc. Vencedores del Desierto, 33089 Cd. Delicias, 
Chihuahua, Mexico

2 School of Animal Sciences and Ecology, Autonomous 
University of Chihuahua, 31453 Chihuahua, Chih., Mexico

3 School of Chemistry, Autonomous University of Chihuahua, 
31125 Chihuahua, Chihuahua, Mexico

4 Bioprocess and Bioproducts Research Group, Food Research 
Department, School of Chemistry, Autonomous University 
of Coahuila, 25280 Saltillo, Coahuila, Mexico

http://orcid.org/0000-0002-5314-9824
http://crossmark.crossref.org/dialog/?doi=10.1007/s11694-020-00804-7&domain=pdf


2099Evaluation of green extraction processes, lipid composition and antioxidant activity of…

1 3

(2.8–16.7%), and palmitic (0.3–9.9%). For this reason, PSO 
is of high industrial value and its extraction methodologies 
have become quite relevant [19]. Different extraction meth-
ods have been employed to recover the maximal amount 
of PSO by comparison of different solvent systems and 
techniques, such as Soxhlet [20], supercritical  CO2 [21], 
superheated solvent [22], ultrasound [23], cold solvent, and 
microwave extraction [14]. Ultrasound-assisted and micro-
wave-assisted extraction (UAE and MAE, respectively) are 
environmentally-friendly methods, and they do not pose any 
danger to human health. These methods offer some advan-
tages in comparison to Soxhlet, for instance, lower tempera-
tures, less amount of solvent, shorter extraction times, and 
higher yields. These operational parameters reduce energy 
consumption and preserve heat-sensitive and unstable com-
pounds [24, 25]. Besides, it is known that both techniques 
can extract chemicals of interest faster and efficiently from 
solid plant matrixes [26].

At the moment, there have not been found studies related 
to the extraction of PSO from Punica granatum L. var. 
Apaseo. Therefore, the present work aimed to evaluate two 
extraction methods, UAE and MAE, comparing the effects 
of extraction time, temperature and solvent to sample ratio 
(s:s ratio), on the extraction oil yield. The obtained oil was 
used to characterize its fatty acid profile by selective deri-
vatization and GC-MS, as well as its antioxidant capacity.

Materials and methods

Materials

Pomegranate (Punica granatum L. var. Apaseo) seed was 
provided by a fruit juice company Mashei® (Hidalgo, 
MX). All chemicals and solvents were of analytical grade. 
Ethanol, n-hexane, chloroform, methanol, sulfuric acid, 
chlorhydric acid, sodium hydroxide, ferrous chloride, iso-
Amyl alcohol, petroleum ether, methyl red, methylene 
blue, acetate buffer, and boric acid were obtained from J.T. 
Baker (New Jersey, US). The selenium reagent mixture 
was purchased from Merck (Darmstadt, Germany). Trolox 
[(±)-6-hydroxy2,5,7,8- tetramethylchromane-2-carbox-
ylic acid], DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS 

(2,2’-azino-bis[3-ethylbenzothiazoline-6-sulphonic acid]), 
Folin-Ciocalteu reagent, gallic acid (GA), and linoleic acid 
were purchased from Sigma-Aldrich (Missouri, US). Tween-
20 was acquired from Hycel (CDMX, MX). Certified 37 
FAME mix standard reference was acquired from Supelco 
(Pennsylvania, US) and Sigma-Aldrich (Missouri, US).

Sample conditioning

Seeds were dried in an oven (Shel Lab model 1380FX; 
Sheldon Manufacturing, Inc., Oregon, US) at 60 °C for 
48 h. Dried seeds were crushed and grounded in a coffee 
grinder (Hamilton Beach model 80350R) until the powder 
was obtained (≤ 500 µm). The powder was stored at room 
temperature in dark-coloured bags until its use.

Proximal analysis

Proximal analysis of pomegranate dried seed was determined 
according to the following normative: Ash [27], lipid [28], 
fibre [29] and protein [30]. Moisture was analysed using a 
halogen moisture analyser (OHAUS model M90; CDMX, 
MX). Carbohydrate content was obtained by difference.

Seed oil extraction

Ultrasound-assisted extraction (UAE) and microwave-
assisted extraction (MAE) methods were conducted under 
different values of temperature, extraction time, and sol-
vent to sample ratio (s:s ratio), as given in the oil extrac-
tion design (Table 1). MAE was conducted in a Milestone 
Microwave Digestion system (START D; Milestone Srl, 
Bérgamo, IT). Seed samples were set into microwave pres-
sure vessels with <<vent-and-reseal>> technology. Power 
value remained constant at 800 watts. UAE was carried out 
in a water bath VWR sonicator (150 D; VWR International., 
West Chester, PA) at 50–60 Hz. Erlenmeyer flasks (250 mL) 
hermetically sealed were used as sample containers for the 

Table 1  Factors evaluated 
through a Box Behnken 
design of microwave-assisted 
extraction (MAE) and 
ultrasound-assisted extraction 
(UAE) methods

a s:s ratio solvent to sample ratio

MAE UAE

Levels Levels

Variable − 1 0 1 − 1 0 1
Time (min) 5 10 15 20 40 60
Temperature (°C) 30 60 90 45 60 75
s:s  ratioa (g/mL) 1:5 1:10 1:20 1:5 1:10 1:20
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extraction process. Hexane was employed as organic solvent 
in both extraction systems.

Once the extraction times concluded (in both UAE and 
MAE), the extract was centrifuged (Eppendorf Centrifuge 
model 5804R) at 4300 ⋅g for 10 min. The supernatant was 
separated by decantation. Hexane was evaporated using 
a hotplate (LMS-1003; Dahan Labtech, LTD, Kyungki-
Do, KR) at 63 °C. Subsequently, oil extracted was filtered 
through a filter paper #1 (125 mm Ø; Whatman, Maidston, 
UK) and stored in amber vials (− 20 °C) until the fatty 
acid profile and antioxidant capacity analysis were per-
formed. Oil yield value was calculated according to the 
following Eq. (1):

Oil extraction design

For each extraction method, a three-factor Box Behnken 
design was applied to evaluate the effects of tempera-
ture, s:s ratio, and extraction time on oil extraction yield. 
Table 1 shows the levels used for each factor for MAE 
and UAE, respectively. Both designs consisted of 15 

(1)Oil yield (%) =
m (oil extracted)

m (pomegranate seed)
× 100

randomized experimental runs, with three central points 
(Table 2).

Antioxidant capacity

The DPPH free radical scavenging activity was deter-
mined using the method of Meléndez et al. [31], adapted to 
microplate. For that purpose, 7 µL of sample were mixed 
with 193 µL of a 60 µM DPPH solution. The resulting 
mixture was allowed to react for 30 min in the darkness at 
room temperature. After that, the absorbance was meas-
ured at 517 nm, using methanol as blank in a microplate 
reader (Multiskan GO, Thermo Fisher Scientific, Finland).

The capture of the ABTS free radical  (ABTS•+) was 
used to determine the in vitro antioxidant activity of 
PSO, as described by Re et al. [32] using a 96-well plate. 
Briefly,  ABTS•+ was first obtained by mixing a solution of 
7 mM ABTS with 2 mM  K2S2O8. The latter solution was 
then incubated in the dark at room temperature for 12 h. 
Finally, the  ABTS•+ was diluted with ethanol to obtain an 
absorbance value of 0.70 at 734 nm. For the assay, 190 µL 
of the  ABTS•+ were mixed with 10 µL of the sample. One 
minute later, absorbance was measured at 734 nm using a 
microplate reader. Ethanol was used as a blank.

Each assay was performed by triplicate. The antioxidant 
activity in DPPH and ABTS assays were obtained by lin-
ear regression, using a calibration curve of Trolox (0–200 
mg/L) and expressed as µmol of Trolox Equivalents/100 
g (µmol TE/100 g).

Lipid oxidation inhibition capacity

The lipid oxidation inhibition capacity was performed 
according to Martínez-Ávila et al. [33]. A linoleic acid 
solution (0.56 g of linoleic acid and 1.5 g of Tween-20 in 
8 mL of 96% ethanol) was used as a lipid source. In amber 
vials, 5 µL of sample was mixed with 10 µL of a linoleic 
acid solution and 150 µL of 0.02 M acetate buffer at pH 4. 
5 µL of distilled water were used as control. Samples were 
homogenized in a Maxi Mix II vortex (M37615; Ther-
molyne, Iowa, US) and sonicated for 3 min in an ultra-
sonic bath (150 D; VWR International., West Chester, 
PA), before incubated at 37 °C for 1 min. After that, 75 
µL of 0.7 µM  FeCl2 solution (0.0994 g  FeCl2 and 0.168 g 
EDTA appraised to 1 L in distilled water) were added to 
induce oxidation of linoleic acid. It was incubated for 24 
h at 37 °C. Three aliquots of 14 µL were taken at 1 and 
24 h of reaction and placed in a 96 well-plate. 53 µL of a 
0.1 M NaOH solution in 10% ethanol was added to each 
sample to stop the oxidation process. Finally, samples were 

Table 2  Box Behnken design for MAE and UAE of pomegranate 
seed oil

s:s ratio solvent to sample ratio
a Values represent the mean oh three replicates ± standard error
Different letters indicated differences among treatments

Run Time Temperature s:s ratio MAE yield 
(%)a

UAE yield (%)a

1 − 1 − 1 0 15.59 ± 0.05dc 15.54 ± 0.33b

2 1 − 1 0 10.80 ± 0.49h 15.99 ± 0.18b

3 − 1 1 0 14.81 ± 0.61de 15.70 ± 0.18b

4 1 1 0 16.43 ± 0.22bc 15.53 ± 0.30b

5 − 1 0 − 1 12.44 ± 0.45f 9.57 ± 0.07f

6 1 0 − 1 10.59 ± 0.06h 9.06 ± 0.25f

7 − 1 0 1 16.59 ± 0.10b 14.19 ± 0.29c

8 1 0 1 14.86 ± 0.18de 14.72 ± 0.33c

9 0 − 1 − 1 11.21 ± 0.36gh 11.43 ± 0.22e

10 0 1 − 1 12.20 ± 0.15fg 11.75 ± 0.14e

11 0 − 1 1 15.28 ± 0.08de 17.64 ± 0.20a

12 0 1 1 18.38 ± 0.45a 17.08 ± 0.22a

13 0 0 0 14.79 ± 0.04de 12.93 ± 0.28e

14 0 0 0 14.29 ± 0.40e 12.88 ± 0.45d

15 0 0 0 14.41 ± 0.47e 12.82 ± 0.13d
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diluted with 133 µL of 10% ethanol and the absorbance 
was recorded at 232 nm against a 10% ethanol blank. The 
percentage of antioxidant activity was estimated accord-
ing to Eq. (2):

where A is the difference between the absorbance of the 
control sample after 24 h and 1 h of incubation; B is the dif-
ference between the absorbance of extract sample after 24 h 
and 1 h of incubation.

Fatty acid profile

For the determination of fatty acid composition, fatty acids 
methyl esters were obtained via total selective derivatization 
with a 0.2 N solution of HCl-MeOH [34]. Samples were 
analysed by gas chromatography with a Varian® (CP3800; 
Varian Inc, California, US) chromatograph coupled to a 
Saturn 200 mass spectrometer (Varian Inc, California, US) 
and a SP-2560 column (L × I.D. 100 m × 0.25 mm, df 0.20 
µm) was used. The analysis conditions were as follows: the 
injector and detector temperature were both set at 260 °C. 
The oven temperature was held at 140 °C for 5 min, which 
subsequently was increased to 240 °C at a rate of 4 °C/min 
and maintained for 15 min. The carrier gas was helium at a 
flow of 1 mL/min. Fatty acids were identified by compar-
ing their retention times with those observed in Supelco 37 
FAME Mix standard.

Statistical analysis

A Box–Behnken design was built using the Statistica 7.0 
software (Stat Soft, Tulsa, OK, USA) to evaluate the effect 
of temperature, extraction time, and s:s ratio on the PSO 
extraction. All experiments were carried out in triplicate and 
expressed as mean (n = 3) ± standard deviation. Data were 
submitted to an analysis of variance (ANOVA) and differ-
ences between treatments were evaluated by a Tukey test 
(p < 0.05) using the SAS 9.0 software (SAS Institute Inc., 
US).

Results and discussion

Proximate analysis

Pomegranate proximate analysis is shown in Table 3. The 
main proximate components were carbohydrates and crude 
fibre, followed by fat and protein. Therefore, pomegranate 
seed is a rich source of important nutritional components 

(2)
Lipid oxidation inhibition capacity (%) = 100 − (B × 100 − A)

and oil. In contrast, ash presented the lowest value. Ash 
content was lower than the value reported by Robledo et al. 
[35] (3.62%) but higher than those reported by Dadashi et al. 
[36]. In the latter, sample values ranged from 1.59 to 1.88% 
in ash content from four Iranian commercial pomegranate 
varieties. Lipid content is within the reported values by 
Kýralan et al. [37], who extracted the lipid content from fif-
teen pomegranate varieties and obtained values from 13.95 
to 24.13%. On the other hand, Van Nieuwenhove et al. [38] 
obtained a lower lipid content of 12.91% from their pome-
granate seeds acquired from markets. As for crude fibre con-
tent, it was within the range values of 36.5 to 42.4% cited by 
Dadashi et al. [36] and higher than the reported by Saeidi 
et al. [39] (20%). Protein content is comparable to Saeidi 
et al. [39] data (18.8%). The carbohydrate content of our 
sample is lower than the 73.1% reported by Bourekoua et al. 
[40] but similar to the 65.60% obtained by Van Nieuwen-
hove et al. [38]. Moisture content is approached to the value 
of 5.73% referred by Aruna et al. [41], however, it is lower 
compared with those of Van Nieuwenhove et al. [38] (9.4%) 
and Robledo et al. [35] (25.66%). Chemical composition of 
pomegranate seeds is strongly affected by the fruit variety, 
harvesting conditions, geographical location, and dehydrated 
conditions [42, 43].

Extraction of PSO

In this study, the effects of extraction conditions (time, tem-
perature and s:s ratio) and methods used (MAE and UAE) 
on the PSO yield were evaluated. According to ANOVA, 
both extraction techniques showed significant differences 
between treatments (Table 4), indicating that at least one of 
them significantly enhanced the efficiency of the extraction.

 For MAE, all factors evaluated had a significant influence 
on PSO yield (p < 0.05) (Fig. 1). An increase in extraction 
time from 10 to 15 min affects the oil yield (Fig. 1a), while 
an increase in s:s ratio and temperature levels increase the 
oil yield (Fig. 1b and c). The PSO extraction yields obtained 
by MAE are shown in Table 2. The highest oil yield was 

Table 3  Proximate composition of pomegranate seed

db dry basis
a Values represent the mean of three replicates ± standard error

Parameter Content (g/100 db)a

Moisture 4.65 ± 0.35
Fat 16.64 ± 0.65
Protein 16.33 ± 0.82
Ash 2.30 ± 0.06
Carbohydrates 60.08 ± 1.88
Crude fibre 37.26 ± 1.65
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attained with treatment 12 (18.38%), whereas treatments 2 
and 6 showed the lowest value (without significant differ-
ences between them). Treatment 12 (0.05 g/mL or 20:1 s:s 
ratio, 90 °C, 10 min) allows to obtain 1.73-fold more oil in 
comparison to treatments 2 and 6.

Increasing the s:s ratio not only significantly increased 
oil yield, but it was also the parameter that affected the 
most. These results are similar to those reported by Çavdar 
et al. [14], who found that increasing s:s ratio from 2:1 to 
10:1 (by mass), the extraction yield of PSO increased 5%. 
The findings of Zhong et al. [44], also support the results 
of our work, since they stated that increasing from 4:1 to 
10:1 ratio (solvent:sample), statistically enhanced Moringa 
oleifera oil yield extractions. The obtaining of higher oil 
yields by increasing the s:s ratio is due to an increase in s:s 
ratio, the mass transfer between both phases is intensified 
due to a greater concentration gradient. Hence, more oil 
is transferred from the sample matrix into the organic sol-
vent. Conversely, extraction time exerted a negative effect 
on the oil yield. This result disagrees Wang et al. [45] and 
Çavdar et al. [14] studies since they concluded that the 
extraction time did not significantly affect their extrac-
tion yields. On the other hand, Nde et al. [46] obtained 
similar results. They optimized the extraction of neem oil 
by MAE, and reported a significant decrease in oil yield 
when extraction time was increased from 0 to 20 min. 
They discussed that it was possible that by prolonging 
the extraction time, the solvent used for the oil extrac-
tion vaporized and remained in the headspace of the pres-
surized vessels, unable to interact with the sample. Thus, 
lower oil yields were obtained. Temperature, as expected, 
also had a significant effect in the oil yields, leading to 
higher oil yield values when the oil extraction was car-
ried out at 90 °C. It is known that increasing temperature 
values leads to higher oil solubility and less viscosity. 
The highest extraction yield of 18.38% obtained in the 
present work, was below to the one by Çavdar et al. [14], 
who achieved 35.1% in 5 min, and 34.7% in 8 h via MAE 
and Soxhlet, respectively. Nevertheless, Çavdar et al. [14] 
design experiment considered particle size, the parameter 
which affected the most the extraction yield in their study. 

On the other hand, our result is within the typical oil con-
tent of pomegranate seeds reported: 7–20% in seed weight 
[47]. Therefore, variations can be attribute to the differ-
ence between extraction times, temperatures and s:s ratios, 
as well as the factors described previously in the proximate 
analysis section that determine the chemical composition 
of the fruit.

In the case of UAE, different effects of the evaluated 
factors were observed (Fig. 1d–f), with temperature and 
s:s ratio of a significant influence on PSO yield (p < 0.05). 
However, the increase in the levels used in temperature 
decreased the oil yield, while s:s ratio increased it (Fig. 1e 
and f, respectively).

Table 2 shows the oil yield results obtained for UAE. 
Treatments 11 and 12 reached the maximum oil yields 
(17.64 and 17.08%, respectively) without significance 
difference between them. Conversely, the lowest oil 
yields were observed in treatments 5 and 6, with values 
1.84–1.94-fold lower than the obtained with treatment 
11. To determine the best treatment in UAE, time and 
temperature were considered, since they imply an energy 
and time consumption. In that matter, the main difference 
between treatments 11 and 12 was temperature (45 and 
75 °C, respectively), since statistically, they achieved the 
same oil yield. For treatment 11, a temperature of 45 °C 
was employed, while in treatment 12 a higher temperature 
(75 °C) was required. Also, longer extraction times may 
induce a higher degradation of the biological components, 
or the oil could be embedded by other components pre-
sent in the matrix, such as pectin and gums [48]. For this 
reason, treatment 11 (10 min, 45 °C, 0.2 mg/mL or 5:1 
s:s ratio) was considered to present the best for UAE of 
pomegranate seeds. Time surprisingly did not exhibit any 
statistical effect. In contrast, Goula [49] mentioned that 
in all their experiment runs, oil yield was time dependant 
and significantly improved as extraction time increased. 
Possibly, in the present study, less time was required to 
extract most of the oil from the sample, since Goula [49] 
achieved up to 40.2% of extraction yield, whereas in the 
present work the highest value reached was 17.64%. These 
variations can be attributed to the fact that they carried out 

Table 4  ANOVA analysis to 
evaluate the effect of treatment 
on PSO extraction by MAE and 
UAE

Extraction 
method

Source DF Sum of squares Mean square F value Pr > F

MAE Treatment 14 219.04 15.64 141.96 < 0.0001
Error 30 3.31 0.11
Corrected total 44 222.34

UAE Treatment 14 281.17 20.08 307.06 < 0.0001
Error 30 1.96 0.06
Corrected total 44 283.13
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their experiments evaluating more extraction parameters 
(seed particle size, amplitude level, and pulse interval/
duration) and the chemical composition of their pome-
granate seeds. The extraction temperature effect was also 
contrary to our expectations. Increasing temperature from 
45 to 60 °C, significantly decrease the extraction yield of 

oil and increasing from 60 to 75 °C significantly promoted 
the extraction. However, oil yields obtained at 45 °C and 
75 °C were not statistically different. The obtained results 
partially agree with those reported by Zhang et al. [50], 
who observed that flaxseed oil extraction by ultrasound 
significantly decreased (6%) when temperature increased 

Fig. 1  Effect of time, temperature and s:s ratio on PSO yield (%) by MAE (a, b, c) and UAE (d, e, f)
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from 30 to 50 °C. One possible explanation could be that 
the vapor pressure of solvent increased as the temperature 
increased as well, affecting the occurrence and the inten-
sity of the bubbles produced by acoustic cavitation. In this 
context, as temperature and vapor pressure were higher, 
more bubbles were produced. In consequence, a smaller 
pressure difference between the internal and external 
medium of the bubbles is obtained, collapsing with less 
intensity. This limits the cell tissue disruption of the sam-
ple during the extraction process, decreasing oil yields. 
Another reason may be attributed to the surface tension. 
Surface tension could decrease as temperature increases, 
also affecting the bubble formation and exploding force. 
Bubbles then weakly collapse reducing mass transfer 
between phases [51].

Once again, increasing the s:s ratio enhanced the oil 
extraction, thus better yields were achieved. However, 
oil yield significantly improved only when the s:s ratio 
increased from 1:20 (g/mL) to 1:10 (g/mL); exceeding 
the 1:10 ratio (g/mL) did not significantly increase the 
oil yield. Similar results had also been reported by other 
studies [23, 50, 52]. The same principle explained before 
occurs. The driving force of mass transfer intensifies pro-
portionally to the concentration gradient, which increases 
by using a higher s:s ratios. However, based on the results, 
the use of excessive solvent volumes did not significantly 
improve the oil yield.

In general, ANOVA did not show any significant dif-
ference between the extraction methods used. Therefore, 
both applied methods showed the same oil extraction effi-
ciency. However, the maximum yield obtained in treat-
ment 12 with MAE (18.38%) is slightly higher than the 
obtained with treatment 11 with UAE (17.64%). Before 
selecting some extraction method, it is necessary to take 
into account economic aspects. Compared to treatment 
11 in UAE, the use of treatment 12 in MAE requires an 
increase in temperature (from 45 to 90 °C) and m/v ratio 
(from 0.2 to 0.05 g/mL or 5:1 to 20:1 s:s ratio), which 
means higher energy and solvent consumptions. In that 
matter, UAE was selected as the best extraction method 
since it demonstrated to be as efficiently as MAE, but pos-
sibly with a notably lower production cost at long term or 
industrial scale. Moreover, UAE can be adapted to small 
or large scales, with less instrumental investment [24]. 

For the abovementioned, PSO extracted under treatment 
11 conditions and UAE, was selected for the evaluation of 
antioxidant activity and determining its fatty acid profile.

Antioxidant activity analysis

Antioxidant activity results can be observed in Table 5. 
The oil obtained in the present study presented a value 
of 9.81 mgTE/g of seed, with a 91.29% scavenging activ-
ity against DPPH radical, similarly to that reported by 
He et al. [53] for pomegranate seed (92.75%). For ABTS 
radical, the scavenging activity value obtained (98.26% of 
inhibition; 3.83 mgTE/g of seed) were equivalent to 15.32 
µmol TE/g of seed and 102.11 µmol TE/g of oil. Đurđević 
et al. [8] reported 4.10 µmol TE/g of seed, which is 3.73 
times lower than the value obtained in the present work. 
On the other hand, ABTS activity obtained in this work 
was slightly lower to the value of 19.8 µmol TE/g of seed 
reported by Durante et al. [54]. Nevertheless, authors also 
reported an activity value of 19.1 µmol TE/g oleoresin, 
which is 5.35 times lower in comparison to the obtained 
with oil in the present work. Although DPPH and ABTS 
techniques are widely used to measure in vitro the elimi-
nation of free radicals from extracts of various vegetable 
samples, they provide limited information of their antioxi-
dant properties in real biological systems. Therefore, an 
additional assay should be performed to simulate oxidation 
conditions in food systems. A 95.99 ± 6.90% antioxidant 
capacity was presented by lipid oxidation inhibition of 
the oil, which supports the antioxidant properties of PSO, 
which is granted by all the compounds present in it, such 
as phenolic compounds and fatty acids. Bihamta et al. [55] 
also reported a reduction in the peroxidation of lipids and 
formation of free radicals. They could reduce the produc-
tion of malondialdehyde (235.7 ± 7.9%) almost by half 
(129 ± 5%) in H9c2 cardiomyocyte cells exposed to  H2O2, 
by using a dose of 200 µg of cells/mL of PSO.

Fatty acid composition

 A total of six fatty acids were identified by GC/MS 
(Fig.  2). Table  6 shows the fatty acid composition 
expressed as a percentage of the total fatty acids present 
in PSO. Unsaturated fatty acids (UFA) mainly constituted 
(86.06%) the fatty acid profile of PSO, resulting in an 
UFA/saturated fatty acid ratio (UFA/SFA) of 0.16. The 
low UFA/SFA ratio indicates that the PSO could be an 
important source of high nutritional value polyunsaturated 
fatty acids such as omega-3, -5, and -6, known for their 
health benefits [56–58]. As expected, PuA (an omega-5 

Table 5  Antioxidant capacity of PSO and pomegranate seed

a Values represent the mean of three replicates ± standard error

Technique Inhibition (%)a mgET/L of  oila mgET/g of 
 seeda

DPPH 91.29 ± 0.31 490.33 ± 1.76 9.81 ± 0.03
ABTS 98.26 ± 0.91 191.69 ± 1.95 3.83 ± 0.04
Lipid oxidation 95.99 ± 6.90 – –
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fatty acid) was the main residue with a 75.56% content. 
This is in accordance with Kýralan et al. [37], Dadashi 
et al. [36], and Van Nieuwenhove et al. [38] studies; how-
ever, the latter despite identified PuA as the major fatty 
acid as well, only at lower content (57.65%). The high 
content of PuA observed in this study, confirms the com-
mercial value of PSO, since it is known that PuA is a 

conjugated linoleic acid isomer that brings health benefits 
[59], and could be used as a potential feedstock for func-
tional foods.

Palmitic acid showed the highest value of the SFA, and 
the second in general composition followed by oleic acid. 
This contrasts with other studies since palmitic content 
exceeds the published ranged values of 0.3–9.9% and oleic 
acid content, which is commonly found in greater amounts 
than palmitic acid. Moreover, even though linoleic acid is 
one of the most common fatty acids founded in PSO, it was 
not identified in our current work. These discrepancies could 
be explained by the fact that the geographical location, matu-
rity stage, and oil extraction method are crucial factors that 
significantly affect the fatty acid composition of PSO [13].

Conclusions

This study examined the efficiency of oil extraction from 
pomegranate seed assisted by microwave and ultrasound 
under different extraction parameters, which is a rich source 
of bioactive compounds of interest. There were not statisti-
cally differences between the extraction yields by micro-
wave-assisted (18.38%) and ultrasound-assisted (17.64%) 
extractions. However, ultrasonic-assisted extraction was 
considered more effective when economic factors were 

Fig. 2  Chromatogram of the fatty acid profile of PSO extracted by UAE

Table 6  Fatty acid composition of PSO

SFA saturated fatty acid, UFA unsaturated fatty acid

Peak Rt (min) Formula Fatty acid %

1 20.46 C14H28O2 Tetradecanoic acid (myristic 
acid)

0.56

2 23.92 C16H32O2 Hexadecanoic acid (palmitic 
acid)

12.58

3 25.12 C17H34O2 Heptadecanoic acid (margaric 
acid)

0.80

4 27.14 C18H36O2 Octadecanoic acid (stearic acid) 2.41
5 28.21 C18H34O2 cis-9-Octadecanoic acid (oleic 

acid)
8.09

6 29.77 C18H30O2 cis-9,trans-11,cis-13-Octadec-
atrienoic acid (PuA)

75.56

SFA 13.94
UFA 86.06
UFA/SFA 0.16
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considered since it requires a lower temperature and solvent 
amounts. Our results also demonstrated the potential role of 
pomegranate seed oil as a source of health-promoting com-
ponents such as the punicic acid, and natural antioxidants 
due to its high radical scavenging activity.
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