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Pomegranate seed oil was extracted in a closed-vessel high-pressure microwave sys-

tem. The characteristics of the obtained oil, such as fatty acid composition, free fatty acidi-
ty, total phenolic content, antioxidant activity and colour, were compared to those of the
oil obtained by cold solvent extraction. Response surface methodology was applied to op-
timise extraction conditions: power (176-300 W), time (5-20 min), particle size (d=0.125-
0.800 mm) and solvent to sample ratio (2:1, 6:1 and 10:1, by mass). The predicted highest
extraction yield (35.19 %) was obtained using microwave power of 220 W, particle size in
the range of d=0.125-0.450 mm and solvent-to-sample ratio of 10:1 (by mass) in 5 min ex-
traction time. Microwave-assisted solvent extraction (MASE) resulted in higher extraction
yield than that of Soxhlet (34.70 % in 8 h) or cold (17.50 % in 8 h) extraction. The dominant
fatty acid of pomegranate seed oil was punicic acid (86 %) irrespective of the extraction
method. Oil obtained by MASE had better physicochemical properties, total phenolic con-
tent and antioxidant activity than the oil obtained by cold solvent extraction.

Key words: pomegranate seed oil, microwave-assisted solvent extraction, extraction optimi-

sation, bioactive properties

Introduction

Microwave-assisted solvent extraction (MASE) is a
process that has emerged as an attractive alternative oil
extraction method in recent years. The rapid heating and
destruction of biological cell structure in a microwave
provide more effective extraction in shorter time than con-
ventional processes. Moreover, MASE requires small amount
of solvent for extraction and produces high-quality oil re-
garding chemical and physical properties. Another impor-
tant advantage of this process is the lower energy require-
ment resulting in a significant decrease in environmental
impact and financial costs (1-8).

In the last decade, researchers have started to focus
on the microwave-assisted extraction instead of the con-
ventional methods for the extraction of natural com-

pounds such as pectin, essential oil and phenolics. MASE
has been extensively studied to investigate its impact on
the extraction of high-value components with high yield
and quality from various plant food materials, industrial
food wastes and by-products. It has been widely used for
the extraction of lycopene from tomato peel (9), polyphe-
nols from red grape pomace, grape seed and potato peel
(10-12), or essential oil and pectin from orange peel (13).

Pomegranate (Punica granatum L.) is an edible fruit
cultivated in the Mediterranean area and Near and Far
East countries (1). The edible part of whole fruit contains
75-85 % juice and 15-25 % seeds. Pomegranate seed is
one of the most valuable food wastes mainly obtained
from pomegranate juice industry (14). Pomegranate seed
has 12-25 % crude oil which is rich in bioactive lipids
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(15,16). It contains tocopherols, phytosterols and punicic
acid, which have several potential health benefits (17).
Punicic acid constitutes 74-85 % of the total fatty acid
content of pomegranate seed oil and is known for its anti-
oxidant, antitumour, immunomodulatory, anti-atheroscle-
rotic and serum lipid-lowering activities (18,19). Eikani et
al. (20) compared the efficiency of Soxhlet, cold pressing
and superheated hexane extraction methods in the extrac-
tion of pomegranate seed oil. Tian et al. (21) optimised the
conditions for ultrasonic-assisted extraction of pomegran-
ate seed oil. Fadavi et al. (22) investigated the total lipid
content and fatty acid composition of pomegranate seed
oil extracted from 25 different varieties grown in Iran. Sa-
deghi (23) evaluated the physical and chemical character-
istics of four pomegranate cultivars. However, extraction
of pomegranate seed oil has not been evaluated previous-
ly in a closed-vessel high-pressure microwave extraction
system. The objectives of the presented study are to ob-
serve the effects of extraction time, solvent-to-solid ratio
(by mass), particle size and microwave power on oil ex-
traction yield in a microwave system using response sur-
face methodology and to compare the yield and the qual-
ity parameters such as physical, chemical and bioactive
properties of the oil obtained by MASE and cold solvent
extraction.

Materials and Methods

Materials

The pomegranate (Punica granatum L. ‘Hicaznar”) seeds
were provided by a fruit juice plant Goknur A. S., Nigde,
Turkey. Folin-Ciocalteu phenol reagent and gallic acid
were provided by Merck (Darmstadt, Germany). The 2,2-
-diphenyl-1-picrylhydrazyl radical (DPPH), sodium carbo-
nate, hexane, methanol, and other solvents were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). All reagents
and solvents were of analytical or chromatographic grade.

Sample preparation

The seeds were dried to moisture content of 3.5 % in
a vacuum oven (model VD 23; Binder Inc., Bohemia, NY,
USA) at 35 °C for 3 h. Dried seeds were ground in a coffee
grinder (model PRG 259; Premier, Istanbul, Turkey).
Ground particles were sieved through meshes into differ-
ent particle sizes: fine particles 4,=0.125-0.450 mm (1), mo-
derately coarse particles d,=0.450-0.530 mm (2) and coarse
particles d;=0.530-0.800 mm (3), collected and used in the
experiments. Ground particles were sealed in glass bot-
tles and kept at 4 °C until extractions were performed.

Conventional extractions

Cold solvent and Soxhlet extraction methods were
performed using the method proposed by Abbasi et al. (2)
and Jiao et al. (24) with some modifications to compare
their oil extraction efficiencies with that of microwave-as-
sisted solvent extraction (MASE). Conventional Soxhlet
extraction was performed using 10 g of fine powdered
seeds (d,=0.125-0.450 mm) and 220 mL of n-hexane in a
classical Soxhlet apparatus at 110 °C for 8 h. For cold
solvent extraction, 40 g of ground seeds and 400 mL of n-
-hexane were put into a glass beaker and stirred by mag-
netic stirrer (model 613.01.001; Isolab, Werthelm, Germ-

any) with extraction time of 8 h at 25 °C. Finally, the solid
residue was precipitated by centrifugation (3461xg, 10
min, EBA 20; Hettich, Tuttlingen, Germany). The superna-
tant was separated by decantation. Hexane was removed
at 40 °C using rotary vacuum evaporator (Hei-VAP Ad-
vantage HL/G1; Heidolph Instrument GmbH & Co. KG,
Schwabach, Germany) in both extraction methods. The
extracted oil was stored at —20 °C until the analyses were
carried out. The yield was determined using the follow-
ing equation:

[ m(extracted oil) ).100 n

m(dry seeds)

Microwave-assisted solvent extraction

Microwave-assisted solvent extraction (MASE) was
performed in a CEM Discover SP-D microwave reactor at
2450 MHz (CEM Corporation, Matthews, NC, USA). The
extraction was checked and monitored via computer.
Ground pomegranate seeds and n-hexane at different sol-
vent-to-sample ratios (Table 1) were put into 35-mL micro-
wave quartz vessel closed with snap-on caps. The values
of power and time were adjusted as given in the experi-
mental central composite design (Table 1) using CEM
Synergy software (CEM Corporation). Stirring was set at
high level. The extractions were performed in dynamic
mode (maximum power P=300 W) and PowerMax func-
tion, which blows air to eliminate additional heating, was
on. The required time for heating up and cooling down
were not included in total extraction time. After extrac-
tion, the solid residue was precipitated by centrifugation
(3461xg, 10 min) and supernatant was collected. Hexane
was removed at 40 °C using rotary vacuum evaporator
(Hei-VAP Advantage HL/G1; Heidolph Instrument GmbH
& Co. KG). The extracted oil was stored at —20 °C prior to
analysis. The yield was calculated using Eq. 1.

Experimental design and optimisation by response
surface methodology

A three-level, four-factorial face-centred central com-
posite design was applied to evaluate the effects of extrac-
tion parameters on oil extraction yield and to determine
optimum extraction conditions for obtaining highest ex-
traction yield. The design consisted of 30 experimental
runs with six replications at the central point (Table 1).
The extraction variables were time (5-20 min), power
(176-300 W), solvent-to-sample ratio (2:1, 6:1 and 10:1)
and particle size (d=0.125-0.800 mm). The response was
the oil extraction yield (Y). The data were analysed as re-
ported by Keskin ef al. (25). The predicted values given by
the model fitting technique in Design Expert v. 7.0 (Stat-
-Ease, Inc., Minneapolis, MN, USA) were closely correlat-
ed with the experimental values.

Determination of fatty acid composition

The fatty acid composition of the extracted oil was
determined by using Agilent 7890A gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) with a split/
splitless injector, flame ionisation detector and HP-88 cap-
illary column (88 % cianopropylaryl; 100 mx0.250 mm,
0.20 um i.d.). The method proposed by Ciftci et al. (26)
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Table 1. A three-level, four factorial face-centred central com-
posite design generated for microwave-assisted extraction of
pomegranate seed oil

- Factors Y/%
é P/W  t/min C(solvent, Paljtide Experimental Predicted
sample)  size
1 176 5 2:1 1 25.32+0.01 25.96
2 300 5 2:1 1 26.03+0.03 25.96
3 176 20 2:1 1 27.33+0.11 27.41
4 300 20 2:1 1 27.56+0.12 27.41
5 176 5 10:1 1 35.14+0.07 35.19
6 300 5 10:1 1 35.29+0.08 35.19
7 176 20 10:1 1 36.21+0.16 36.64
8 300 20 10:1 1 36.51+0.07 36.64
9 176 5 2:1 3 7.88+0.09 8.07
10 300 5 2:1 3 9.67+0.12 8.07
11 176 20 2:1 3 7.65+0.13 7.97
12 300 20 2:1 3 7.60+0.05 7.97
13 176 5 10:1 3 10.19+0.06 10.48
14 300 5 10:1 3 10.06+0.08 10.48
15 176 20 10:1 3 10.66+0.16 10.38
16 300 20 10:1 3 11.52+0.08 10.38
17 176 125 6:1 2 25.16+0.19 25.43
18 300 125 6:1 2 25.38+0.06 2543
19 238 5 6:1 2 24.80+0.08 25.09
20 238 20 6:1 2 25.42+0.06 25.77
21 238 125 2:1 2 20.44+0.05 20.62
22 238 125 10:1 2 26.27+0.08 26.44
23 238 125 6:1 1 34.26+0.17 33.20
24 238 125 6:1 3 9.71+0.25 11.13
25 238 125 6:1 2 24.95+0.31 25.43
26 238 125 6:1 2 26.32+0.12 25.43
27 238 125 6:1 2 25.67+0.18 25.43
28 238 125 6:1 2 25.01+0.25 2543
29 238 125 6:1 2 26.20+0.15 25.43
30 238 125 6:1 2 25.82+0.16 25.43

All values are expressed as mean+standard deviation of three
replicates.

Particle size: d,=0.125-0.450 mm (1), 4,=0.450-0.530 mm (2) and
d;=0.530-0.800 mm (3)

was used with some modifications. The injector and de-
tector temperatures were 250 and 260 °C, respectively.
The oven temperature was scheduled as follows: 1 min at
120 °C, from 120 to 175 °C at 10 °C/min, 10 min at 175 °C,
from 175 to 210 °C at 5 °C/min, 5 min at 210 °C, from 210
to 230 °C at 5 °C/min and 5 min at 230 °C. Helium was the
carrier gas with a flow rate of 1.5 mL/min.

Determination of free fatty acid and total phenolic
content, and peroxide value
The free fatty acid content and peroxide value of oil

were determined according to AOCS Ca 5a-40 (27) and
Cd 8-53 (28) methods, respectively. The total phenolic

content of the extracted oil was determined using the Fo-
lin-Ciocalteu colourimetric method proposed by Gutfin-
ger (29) with some modifications. The oil obtained by mi-
crowave-assisted or cold solvent extraction (2.5 g) was
dissolved in n-hexane (5 mL). Oil-in-hexane solution to-
gether with 5 mL of methanol and water (60:40, by vol-
ume) mixture was vortexed to extract the phenolic com-
pounds. Centrifugation at 3461xg for 10 min (EBA 20;
Hettich) was used to separate the two phases. This extrac-
tion procedure was done in triplicate. The extracts in
methanol were mixed and 0.2 mL of the methanolic phase
was diluted to 5 mL with distilled water. Folin-Ciocalteu
reagent (0.5 mL) was added to this mixture. After 3 min, 1
mL of Na,CO, (20 %, by mass per volume) was added to
the reaction mixture, which was diluted to a final volume
of 10 mL with distilled water and held for 1 h in the dark.
The absorbance values were measured against a blank
sample at 765 nm using Lambda 25 UV/Vis spectropho-
tometer (PerkinElmer, Shelton, CT, USA). The calibration
curve was obtained using gallic acid standard solutions
(0-60 mg /mL). The results were expressed in mg of gallic
acid equivalents per g of sample dry mass.

Antioxidant activity assay

The antioxidant activity of the oil was determined us-
ing 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical
with the method proposed by Kalantzakis ef al. (30). Brief-
ly, 4 mL of freshly prepared DPPH solution (0.1 mM)
were added to 1 mL of oil and ethyl acetate solution at
different concentrations (0.05-25 mg/mL). After 30 min of
incubation at 25 °C in the dark, the absorbance of the final
solution was measured at 515 nm with Lambda 25 UV/Vis
spectrophotometer (PerkinElmer). The percentage of inhi-
bition was calculated using the following equation:

A —A

Inhibitior1=(cAs) -100 12/

c

where A, and A, are the absorbance of the control and
sample at 515 nm, respectively.

DPPH scavenging activity was expressed as ICs,
which indicated the effective sample concentration need-
ed to scavenge 50 % of DPPH radicals and was calculated
by a linear regression analysis between the oil concentra-
tion and the percentage of inhibition.

Colour measurement

Colour measurements were performed using a Hunt-
erLab ColorFlex model A60-1010-615 colourimeter (Res-
ton, VA, USA). Colour values were reported as L* (light-
ness), a* (redness) and b* (yellowness) according to the
Hunter colour scale.

Scanning electron microscopy analysis

Untreated pomagranate seed and solid residues after
conventional and microwave-assisted extraction were ex-
amined using scanning electron microscopy (SEM) to an-
alyse the effect of extraction methods on the surface mor-
phology of the seeds. Gold/palladium was used for the
coating of the samples in an SC7620 sputter coater
(Emitech, Kent, UK). Images of samples were taken with
JSM-6390LV (JEOL Ltd., Tokyo, Japan) scanning electron
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microscope. The SEM images were obtained at 12.5 kV
under high vacuum condition and 1000x magnification.

Statistical analysis

The independent f-test was used to evaluate differen-
ces in the properties of the oil samples obtained by mic-
rowave-assisted and cold solvent extraction. The data
were analysed using the SPSS v. 22.0 statistical software
(SPSS Inc., Chicago, IL, USA).

Results and Discussion

Comparison of extraction efficiencies

Microwave-assisted solvent extraction gave a higher
extraction yield of 35.10 % in 5 min than those of Soxhlet
extraction (34.70 % in 8 h) and cold solvent extraction
(17.50 % in 8 h). Orak et al. (15) and Ozgul-Yiicel (16)
found that the oil content of seeds from different geno-
types of Punica granatum L. was between 17.84 and 24.96
% (on dry mass basis), which is lower than our results.
The differences in the yields might be a result of the ge-
netic backgrounds and the growth conditions of the pome-
granate or the applied extraction methods. Taghvaei ef al.
(6) reported that the effectiveness of microwaves on rapid
extraction of oil from oilseeds was related to the destruc-
tion of oil cell structures within the plant tissues through
denaturation of cell proteins by heat generated from the
movement of polar molecules including water.

Effects of microwave extraction parameters

The effects of different parameters on the MASE of oil
from pomegranate seeds were analysed. The experimen-
tal and predicted values of the oil extraction yield at each
of the 30 runs given by response surface methodology
(RSM) are shown in Table 1.

Particle size

Particle size was the most important factor that af-
fected the oil yield in MASE (Table 2). Negative coefficient
of the term stated that decreasing the particle size in-
creased the oil extraction yield. The smaller particle size
might increase the penetration of irradiation into the inte-
rior cell walls and the mass transfer surface area by asso-
ciation of the seed matrix and hexane enhancing the oil
extraction. Kwon et al. (31) and Singh et al. (32) also docu-
mented that there was an inverse relationship between
the particle size and microwave extraction yield of differ-
ent compounds. The effect of interaction between particle
size and time on oil extraction yield was also statistically
important (Table 2). Fig. 1a illustrates the interaction ef-
fect of the particle size and time on extraction yield at a
constant solvent-to-sample ratio of 6:1 (by mass) and
power of 238 W. The yield at the end of 5-minute extrac-
tion was significantly higher (32 %) when using fine parti-
cles than when coarse particles were used (11 %) under
the same extraction conditions. The yields were 34 and 11
% at the end of 20 min of extraction when fine and coarse
particles were used, respectively. This inverse effect might
be explained with limited penetration of microwave irra-
diation into the coarse seeds. It is basically because of

Table 2. ANOVA and model equation for response surface qua-
dratic model of microwave- assisted oil extraction

Source Coefficient Vall:ue ;_1“?;1};
Model* 76229  <0.0001
Intercept 25.44

Linear

t 0.34 427 0.0507°
C(solvent, sample) 291 317.05  <0.0001°
d(particle) -11.04 4564.10  <0.0001°
Interactive

txd (particle) -0.39 5.00 0.0358"
((solvent, sample)xd(particle) -1.71 96.78  <0.0001°
Quadratic

((solvent, sample)=((solvent, -1.90 2595  <0.0001°
sample)

d(particle)xd(particle) -3.27 7654  <0.0001°
Lack of fit 1.56 0.3290

*The coefficient of determination (R?) of the model was 0.99; “not
significant at ‘Prob>F">0.05, “significant at ‘Prob>F'<0.05

zero dielectric constant of cellulose, which is the main
component of the seed. Thus, extraction yield could not
be improved when using larger particles even though the
time increased. Quadratic term of particle size was nega-
tive, indicating the presence of maximum value for this
variable (Table 2).

Solvent-to-sample ratio

Statistical results showed that the solvent-to-sample
ratio affected extraction yield significantly (Table 2). The
solvent-to-sample ratio had statistically significant inter-
action effect with particle size. When fine particles of
pomegranate seed were used in the microwave extrac-
tion, increasing solvent-to-sample ratio from 2:1 to 10:1
(by mass) caused an increase in the extraction yield from
29 to 36 %. However, when the extraction was done with
coarse particles of pomegranate seed, increasing solvent-
-to-sample ratio from 2:1 to 10:1 (by mass) increased the
extraction yield from 8 to 12 % (Fig. 1b). This might be
explained again by the limited penetration of microwaves
into the interior of the coarse seeds. Because of the limited
penetration, all of the oil could not be released from the
seeds. Hence, there was no extra oil to be dissolved in the
medium even though the amount of solvent increased.
Quadratic term of solvent-to-sample ratio was found to
be statistically significant (Table 2).

Time

The linear term of extraction time was statistically in-
effective on oil extraction yield (Table 2). Nde et al. (33)
also reported that time was statistically inefficient on the
microwave extraction of neem oil. However, its effect can
be understood more obviously by considering the princi-
ple of closed-vessel high-pressure microwave extraction.
In the present study, closed system microwave applica-
tion resulted in high pressure extraction of the oil. The
combination of the microwaves and high pressure result-
ed in higher extraction yields at short extraction times
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than when using domestic or focused microwave ovens. Similar to this result, Wang et al. (35) also found that the
Optimum extraction times found by Jiao et al. (24) and increase in the extraction yield was very small as a func-
Gai et al. (34) were 66 and 83 min, respectively, which was tion of time in microwave extraction. The reason for the

longer than the value found in this study. In Figs. 1c and insignificant increase could be explained by the fact that
d, it can also be seen that increasing the extraction time MASE of different compounds is usually completed with-
increased the oil extraction yield. However, these im- in a few minutes to half an hour, depending on the ex-
provements were not statistically significant (Table 2). tracted material as mentioned in literature (33,36-38).
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Fig. 1. Response surface plots for oil extraction yield as a function of: a) particle size and time, b) particle size and solvent/sample
ratio, ¢) solvent/sample ratio and time, d) time and power, e) solvent/sample ratio and power, and f) particle size and power. Particle
size: 1 (d,=0.125-0.450 mm), 2 (4,=0.450-0.530 mm) and 3 (4,=0.530-0.800 mm)
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Power

The linear term of power was omitted by backward
elimination to conserve the hierarchy of the model since it
had statistically insignificant effect on the oil extraction
yield. Figs. 1d, e and f show that increasing the power from
176 to 300 W did not improve the oil extraction yield. The
reason for this result might be related to the limited in-
crease in extraction temperature with increasing power. It
is well known that higher temperatures increase the oil
extraction efficiency due to the higher solubility of oil at
higher temperatures. Hexane, which is a microwave-trans-
parent solvent and has low dielectric constant, cannot be
heated up to temperature higher than 55 °C during ex-
traction. Thus, hexane might limit the capacity of power
to increase extraction efficiency.

Optimisation and validation of extraction conditions

Extraction conditions were optimised for the highest
oil extraction yield using Design Expert v. 7.0 software
(Stat-Ease, Inc.). The predicted oil extraction yield was
35.19 % under the optimum conditions of 220 W, 5 min,
solvent/sample ratio 10:1 (by mass) and 4,=0.125-0.450
mm (fine particles, size 1). Three experiments were per-
formed at these optimum conditions to validate the pre-
dicted result, and average oil extraction yield was 34.91
%. The predicted and actual values were in good agree-
ment.

Physical, chemical and some bioactive properties of the
pomegranate seed oil

Fatty acid composition

The pomegranate seed oil samples obtained from mi-
crowave-assisted and cold solvent extraction had almost
identical fatty acid profiles (Table 3). The total unsaturat-

Table 3. Fatty acid composition of pomegranate seed oil extract-
ed by microwave-assisted and cold solvent extraction

w/%

Fatty acid

MASEO CSEO
C16:0 2.04+0.01 2.34+0.01
C17:0 0.04+0.01 0.04+0.01
C18:0 1.71+0.02 1.69+0.01
C18:1 4.10+0.01 4.07+0.01
C18:2 3.84+0.02 3.85+0.02
C18:3 86.53+0.01 86.42+0.02
C20:0 0.37+0.02 0.37+0.01
C20:1 0.69+0.01 0.70+0.01
C20:3 0.09+0.01 0.09+0.01
C20:4 0.32+0.01 0.31+0.01
C24:0 0.27+0.01 0.12+0.02
Total polyunsaturated fatty acids 90.78 90.67
Total monounsaturated fatty acids 4.79 4.77
Total saturated fatty acids 4.43 4.56

All values are expressed as mean+standard deviation of three
replicates.

MASEO=microwave-assisted solvent extraction of oil,
CSEO-=cold solvent extraction of oil

ed fatty acid content of pomegranate seed oil obtained by
MASE was 95.57 %. The predominant fatty acid was pu-
nicic acid (86.53 %) in the oil extracted using microwaves
(Table 3). Oleic, linoleic, palmitic and stearic acids were
present in minor amounts at 4.10, 3.84, 2.04 and 1.71 %,
respectively. The punicic acid and total unsaturated fatty
acid content of the investigated pomegranate seed oil
were higher than in the papers of Pereira de Melo et al.
(14), Fadavi et al. (22) and Khoddami et al. (39). The dis-
similarity might be related to the differences in pome-
granate cultivars and climatic conditions during growth.

Peroxide value and acidity

Peroxide value and acidity are the indices for the de-
termination of the oxidative degradation of products in
oil. The peroxide value of pomegranate seed oil obtained
by cold solvent extraction was 4 mmol of O, per kg, while
that of the oil extracted by microwave-assisted extraction
was 0 mmol of O, per kg (Table 4). The long extraction
time (8 h) and an extraction process under atmospheric
pressure could be the reasons for higher peroxide value of
the oil extracted by cold solvent extraction. In the oil ex-
tracted by cold solvent and microwave-assisted solvent
extractions, there was 0.42 and 0.44 % free fatty acids, ex-
pressed as punicic acid, respectively.

Table 4. Physical, chemical and bioactive properties of pome-
granate seed oil extracted by microwave-assisted and cold sol-
vent extraction

Property MASEO CSEO
Peroxide value/(mmol of O, per 0.00+0.05 4.00+0.12
kg of oil)

w(FFA as punicic acid)/% 0.42+0.03 0.44+0.02
w(total phenols as GAE)/(mg/g) 7.42+0.12 1.73+0.05
IC,,/(mg/mL) 17.00+0.21 5.1240.22
L* 56.03+0.01 58.91+0.02
a* -5.64+0.03 —2.45+0.03
b* 22.06+0.02 14.44+0.57

All comparisons of MASEO and CSEQ in all analyses were

significant, with p<0.05.

All values are expressed as mean+standard deviation of three

replicates.

MASEO=microwave-assisted solvent extraction of oil,

CSEO=cold solvent extraction of oil, FFA=free fatty acid,

GAE=gallic acid equivalent, IC;=concentration of antioxidant

that causes 50 % inhibition of DPPH, L*<lightness, a*<redness,
*=yellowness

Total phenolic content

The total phenolic content expressed in gallic acid
equivalents of the pomegranate seed oil obtained by mi-
crowave-assisted and cold solvent extraction were 7.42
and 1.73 mg/g, respectively (Table 4). The higher total
phenolic content of pomegranate seed oil obtained by
MASE can be related to higher pressure during the ex-
traction. The presented extraction system combines the
advantage of microwave-assisted and pressurised solvent
extraction. Bayramoglu et al. (40) also reported that high-
er internal pressure of the solid media and hence en-
hancement of the extraction may be the reason for higher
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Fig. 2. SEM images of pomegranate seed samples: a) untreated pomegranate seed, b) solid residue after Soxhlet extraction, c) solid
residue after cold solvent extraction and d) solid residue after microwave-assisted solvent extraction (MASE). MASE was performed

under optimum conditions

phenolic content of the oil obtained by MASE. Similarly,
Haddadi-Guemghar et al. (41) also found that the phenol-
ic content of the oil extracted by conventional method
was significantly lower than that of the oil obtained by
MASE.

Antioxidant activity

IC;, value of the oil extracted by microwave-assisted
extraction (5.12 mg/mL) was significantly lower than that
of the oil extracted by cold extraction (17.00 mg/mL) (Ta-
ble 4). This significant difference in the IC;, values might
be related to the differences in total phenolic content of
the extracted oil depending on the extraction method. He
et al. (42) demonstrated a significant relationship between
DPPH activities and total phenolics (R*=0.751) in pome-
granate seed residues. Gil ef al. (43) also reported that
pomegranate fruit is a rich source of two types of poly-
phenolic compounds: anthocyanins and hydrolysable
tannins, which account for 92 % of the antioxidant activi-
ty of the whole fruit. This showed that higher total pheno-
lic content in the oil obtained by microwave-assisted ex-
traction significantly increased the antioxidant activity of
the oil when compared to that of the oil obtained by cold
solvent extraction.

Colour

The colour values of the oil extracted by two different
methods were significantly different (Table 4). The light-
ness (L*) of pomegranate seed oil extracted by cold ex-
traction method (58.91) was higher than that of the oil ex-
tracted by MASE (56.03). The a* value measures redness
(+) and greenness (-) and the b* value indicates yellow-
ness (+) and blueness (-). The b* value of the oil extracted
by MASE (22.06) was higher than that of the oil extracted
by cold extraction (14.44), while a* value of the oil extract-

ed by MASE (-5.64) was lower than that of the oil ex-
tracted by cold solvent extraction (—2.45). These results
showed that MASE was more efficient in extracting the
chlorophyll and carotene present in the pomegranate
seeds.

Structural changes of pomegranate seeds

SEM analyses were performed to observe the micro-
scopic changes in pomegranate seed before and after ex-
traction to compare the influence of conventional and mi-
crowave-assisted solvent extractions on the pomegranate
seed structure. The fat globules were dispersed uniformly
in the tissues of pomegranate seed before the extraction
(Fig. 2a). On the SEM images of the residues after Soxhlet
and cold solvent extraction, the fat globules disappeared
while the cell structure was preserved and the cells were
still entirely unbroken (Figs. 2b and c). However, MASE
caused some structural changes in the seed tissues (Fig.
2d). Most of the cell walls and membranes of the pome-
granate seeds were ruptured and broken down complete-
ly after MASE (Fig. 2d). It is clearly seen that the oil can be
released from the cell structure and extracted efficiently
by cell wall rupture in a short time. There was a good cor-
respondence between these results and the findings of
Jiao et al. (24), who studied the Soxhlet and MASE of
pumpkin seeds.

Conclusion

Closed-vessel high-pressure microwave system was
optimised to obtain the highest performance in extraction
of pomegranate seed oil. Verification experiments result-
ed in the extraction yield of 34.91 % under the optimum
extraction conditions and are in good agreement with the
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predicted value of 35.19 %. The oil extraction yield ob-
tained by MASE was higher than those obtained by con-
ventional extractions. The fatty acid compositions of the
oil extracted by cold and microwave-assisted solvent ex-
tractions were statistically similar to each other (p<0.05).
Oil extracted by MASE had significantly lower peroxide
value (0 mmol of O, per kg of oil), free fatty acidity (0.42
%) and higher total phenolic content expressed in gallic
acid equivalents (7.42 mg/g) and antioxidant activity (5
mg/mL) than those of the oil obtained by cold extraction.
SEM results demonstrated that microwave method broke
down cell walls and membranes efficiently, thus increas-
ing the efficient release of oil from the seed in shorter time
than in conventional extraction. The results indicated that
higher quality oil could be obtained using MASE than
when using cold extraction. The application of high-effi-
ciency short-time MASE can be a valuable alternative to
conventional oil extraction methods, especially for health-
care, pharmaceutical and healthy food industries.

Acknowledgements

The investigation was supported by Gaziantep Uni-
versity, Gaziantep, Turkey, and in part by Cost Action TD
1203.

References

1. Abbasi H, Rezaei K, Rashidi L. Extraction of essential oils
form the seeds of pomegranate using organic solvents and
supercritical CO,. ] Am Oil Chem Soc. 2008;85:83-9.
http://dx.doi.org/10.1007/s11746-007-1158-x

2. Abbasi H, Rezaei K, Emamdjomeh Z, Mousavi SME. Effect
of various extraction conditions on the phenolic contents of
pomegranate seed oil. Eur ] Lipid Sci Tech. 2008;110:435-40.
http://dx.doi.org/10.1002/ej1t.200700199

3. Azadmard-Damirchi S, Habibi-Nodeh F, Hesari ], Nemati
M, Achachlouei BF. Effect of pretreatment with microwaves
on oxidative stability and nutraceuticals content of oil from
rapeseed. Food Chem. 2010;121:1211-5.
http://dx.doi.org/10.1016/j.foodchem.2010.02.006

4. Amarni F, Kadi H. Kinetics study of microwave-assisted sol-
vent extraction of oil from olive cake using hexane: compari-
son with the conventional extraction. Innov Food Sci Emerg.
2010;11:322-7.
http://dx.doi.org/10.1016/j.ifset.2010.01.002

5. Camel V. Microwave-assisted solvent extraction of environ-
mental samples. Trac-Trend Anal Chem. 2000;19:229-48.
http://dx.doi.org/10.1016/S0165-9936(99)00185-5

6. Taghvaei M, Jafari SM, Assadpoor E, Nowrouzieh S, Alishah
O. Optimization of microwave-assisted extraction of cotton-
seed oil and evaluation of its oxidative stability and physico-
chemical properties. Food Chem. 2014;160:90-7.
http://dx.doi.org/10.1016/j.foodchem.2014.03.064

7. Clodoveo ML, Hbaieb RH. Beyond the traditional virgin ol-
ive oil extraction systems: Searching innovative and sustain-
able plant engineering solutions. Food Res Int. 2013;54:
1926-33.
http://dx.doi.org/10.1016/j.foodres.2013.06.014

8. Tsukui A, Santos Junior HM, Oigman SS, de Souza ROMA,
Bizzo HR, Rezende CM. Microwave-assisted extraction of
green coffee oil and quantification of diterpenes by HPLC.
Food Chem. 2014;164:266-71.
http://dx.doi.org/10.1016/j.foodchem.2014.05.039

9. Ho KKHY, Ferruzzi MG, Liceaga AM, San Martin-Gonzalez
MEF. Microwave-assisted extraction of lycopene in tomato

10.

11.

12.

13.

14.

15.

16

17.

18.

19.

20.

21.

22.

23.

24.

peels: Effect of extraction conditions on all-trans and cis-iso-
mer yields. LWT — Food Sci Technol. 2015;62:160-8.
http://dx.doi.org/10.1016/j.1wt.2014.12.061

Drosou C, Kyriakopoulou K, Bimpilas A, Tsimogiannis D,
Krokida M. A comparative study on different extraction tech-
niques to recover red grape pomace polyphenols from vinifi-
cation byproducts. Ind Crop Prod. 2015;75:141-9.
http://dx.doi.org/10.1016/j.indcrop.2015.05.063

Li 'Y, Skouroumounis GK, Elsey GM, Taylor DK. Microwave-
-assistance provides very rapid and efficient extraction of grape
seed polyphenols. Food Chem. 2011;129:570-6.
http://dx.doi.org/10.1016/j.foodchem.2011.04.068

Wu T, Yan ], Liu R, Marcone MF, Aisa HA, Tsao R. Optimiza-
tion of microwave-assisted extraction of phenolics from po-
tato and its downstream waste using orthogonal array de-
sign. Food Chem. 2012;133:1292-8.
http://dx.doi.org/10.1016/j.foodchem.2011.08.002

Balu AM, Budarin V, Shuttleworth PS, Pfaltzgraff LA, Wal-
dron K, Luque R, Clark JH. Valorisation of orange peel resi-
dues: waste to biochemicals and nanoporous materials. Chem-
SusChem. 2012;5:1694-7.
http://dx.doi.org/10.1002/cssc.201200381

Pereira de Melo IL, Teixeira de Carvalho EB, Mancini-Filho J.
Pomegranate seed oil (Punica granatum L.): a source of pu-
nicic acid (conjugated a-linolenic acid). ] Hum Nutr Food
Sci. 2014;2:1024-35.

Orak HH, Yagar H, Isbilir SS. Comparison of antioxidant ac-
tivities of juice, peel, and seed of pomegranate (Punica gra-
natum L.) and inter-relationships with total phenolic, tannin,
anthocyanin, and flavonoid contents. Food Sci Biotech-
nol. 2012;21:373-87.
http://dx.doi.org/10.1007/s10068-012-0049-6

. Ozgul-Yiicel S. Determination of conjugated linolenic acid

content of selected oil seeds grown in Turkey. ] Am Oil Chem
Soc. 2005;82:893-7.
http://dx.doi.org/10.1007/s11746-005-1161-7

Liu G, Xu X, Hao Q, Gao Y. Supercritical CO, extraction opti-
mization of pomegranate (Punica granatum L.) seed oil us-
ing response surface methodology. LWT — Food Sci Technol.
2009;42:1491-5.

http://dx.doi.org/10.1016/j.lwt.2009.04.011

Verardo V, Garcia-Salas P, Baldi E, Segura-Carretero A, Fer-
nandez-Gutierrez A, Caboni MF. Pomegranate seeds as a
source of nutraceutical oil naturally rich in bioactive lipids.
Food Res Int. 2014;65:445-52.
http://dx.doi.org/10.1016/j.foodres.2014.04.044

Teixeira de Carvalho EB, Pereira de Melo IL, Mancini-Filho J.
Chemical and physiological aspects of isomers of conjugated
fatty acids. Ciénc Tecnol Aliment. 2010;30:295-307.
http://dx.doi.org/10.1590/50101-20612010000200002

Eikani MH, Golmohammad F, Homami SS. Extraction of
pomegranate (Punica granatum L.) seed oil using superheat-
ed hexane. Food Bioprod Process. 2012;90:32-6.
http://dx.doi.org/10.1016/j.fbp.2011.01.002

Tian Y, Xu Z, Zheng B, Lo YM. Optimization of ultrasonic-
assisted extraction of pomegranate (Punica granatum L.)
seed oil. Ultrason Sonochem. 2013;20:202-8.
http://dx.doi.org/10.1016/j.ultsonch.2012.07.010

Fadavi A, Barzegar M, Azizi MH. Determination of fatty ac-
ids and total lipid content in oilseed of 25 pomegranates va-
rieties grown in Iran. ] Food Compos Anal. 2006;19:676-80.
http://dx.doi.org/10.1016/j.jfca.2004.09.002

Sadeghi H. Physical and chemical characteristics of four na-
tive pomegranate cultivars in Mazandaran province of Iran.
J Food Agric Environ. 2010;8:570-2.

Jiao J, Li ZG, Gai QY, Li X], Wei FY, Fu Y], Ma W. Microwave-
-assisted aqueous enzymatic extraction of oil from pumpkin



94

KESKIN CAVDAR et al.: Pomegranate Seed Oil, Food Technol. Biotechnol. 55 (1) 86-94 (2017)

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

seeds and evaluation of its physicochemical properties, fatty
acid compositions and antioxidant activities. Food Chem.
2014;147:17-24.
http://dx.doi.org/10.1016/j.foodchem.2013.09.079

Keskin H, Kogak Yanuk D, Mucuk HN, Gégiis F, Fadiloglu S.
Valorization of olive pomace oil with enzymatic synthesis of
2-monoacylglycerol. ] Food Sci. 2016;81:C841-8.
http://dx.doi.org/10.1111/1750-3841.13246

Cift¢i ON, Fadiloglu S, Gogiis F. Conversion of olive pomace
oil to cocoa butter-like fat in a packed-bed enzyme reactor.
Bioresour Technol. 2009;100:324-9.
http://dx.doi.org/10.1016/j.biortech.2008.05.035

AOCS Official Method Ca 5a-40. Free fatty acids. In: Fires-
tone D, editor. Official methods and recommended practices
of the AOCS. Champaign, IL, USA: American Oil Chemist’s
Society (AOCS); 1998.

AQOCS Official Method Cd 8-53. Peroxide value. In: Firestone
D, editor. Official methods and recommended practices of
the AOCS. Champaign, IL, USA: American Oil Chemist’s So-
ciety (AOCS); 1997.

Gutfinger T. Polyphenols in olive oils. ] Am Oil Chem Soc.
1981,58:966-8.

http://dx.doi.org/10.1007/BF02659771

Kalantzakis G, Blekas G, Pegklidou K, Boskou D. Stability
and radical-scavenging activity of heated olive oil and other
vegetable oils. Eur J Lipid Sci Tech. 2006;108:329-35.
http://dx.doi.org/10.1002/ejlt.200500314

Kwon JH, Lee GD, Bélanger JMR, Jocelyn Paré JR. Effect of
ethanol concentration on the efficiency of extraction of gin-
seng saponins when using a microwave-assisted process
(MAP™). Int ] Food Sci Tech. 2003;38:615-22.
http://dx.doi.org/10.1046/j.1365-2621.2003.00688.x

Singh N, Shrivastava P, Shah M. Microwave-assisted extrac-
tion of lemongrass essential oil: study of the influence of ex-
traction method and process parameters on extraction pro-
cess. ] Chem Pharm Res. 2014;6:385-9.

Nde DB, Boldor D, Astete C. Optimization of microwave as-
sisted extraction parameters of neem (Azadirachta indica A.
Juss) oil using the Doehlert’s experimental design. Ind Crop
Prod. 2015;65:233-40.
http://dx.doi.org/10.1016/j.indcrop.2014.12.015

Gai QY, Jiao J, Mu PS, Wang W, Luo M, Li CY, et al. Micro-
wave-assisted aqueous enzymatic extraction of oil from Isa-
tis indigotica seeds and its evaluation of physicochemical

35.

36.

37.

38.

39.

40.

41.

42.

43.

properties, fatty acid compositions and antioxidant activi-
ties. Ind Crop Prod. 2013;45:303-11.
http://dx.doi.org/10.1016/j.indcrop.2012.12.050

Wang Y, You ], Yu 'Y, Qu C, Zhang H, Ding L, et al. Analysis
of ginsenosides in Panax ginseng in high pressure micro-
wave-assisted extraction. Food Chem. 2008;110:161-7.
http://dx.doi.org/10.1016/j.foodchem.2008.01.028

Veggi PC, Martinez ], Meireles MAA. Fundamentals of mi-
crowave extraction. In: Farid Chemat F, Cravotto G, editors.
Microwave-assisted extraction for bioactive compounds:
theory and practice. Food engineering series 4. New York,
NY, USA: Springer; 2013. pp. 15-52.

Spigno G, De Faveri DM. Microwave-assisted extraction of
tea phenols: A phenomenological study. ] Food Eng. 2009;
93:210-7.

http://dx.doi.org/10.1016/j.jfoodeng.2009.01.006

Sumi T, Horikoshi S. Microwave synthesis, extraction, im-
provement and degradation in oil chemistry. ] Oleo Sci. 2013;
62:443-51.

http://dx.doi.org/10.5650/jos.62.443

Khoddami A, Man YBC, Roberts TH. Physico-chemical pro-
perties and fatty acid profile of seed oils from pomegranate
(Punica granatum L.) extracted by cold pressing. Eur J Lipid
Sci Tech. 2014;116:553-62.
http://dx.doi.org/10.1002/ejlt.201300416

Bayramoglu B, Sahin S, Sumnu G. Solvent-free microwave
extraction of essential oil from oregano. ] Food Eng. 2008;88:
535-40.

http://dx.doi.org/10.1016/j.jfoodeng.2008.03.015
Haddadi-Guemghar H, Janel N, Dairou J, Remini H, Madani
K. Optimisation of microwave-assisted extraction of prune
(Prunus domestica) antioxidants by response surface meth-
odology. Int ] Food Sci Tech. 2014;49:2158-66.
http://dx.doi.org/10.1111/ijfs.12526

He L, Xu H, Liu X, He W, Yuan F, Hou Z, Gao Y. Identifica-
tion of phenolic compounds from pomegranate (Punica gra-
natum L.) seed residues and investigation into their antioxi-
dant capacities by HPLC-ABTS" assay. Food Res Int. 2011;
44:1161-7.

http://dx.doi.org/10.1016/j.foodres.2010.05.023

Gil MI, Tomas-Barberan FA, Hess-Pierce B, Holcroft DM, Ka-
der AA. Antioxidant activity of pomegranate juice and its
relationship with phenolic composition and processing. |
Agric Food Chem. 2000;48:4581-9.
http://dx.doi.org/10.1021/jf000404a





