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Abstract Response surface methodology employing a
five-level, four-variable central composite rotatable design
was applied to study the effects of extraction time, extrac-
tion temperature, pH and water/solid ratio on the extraction
yield of pomegranate seed oil using an aqueous extraction
approach. In addition, quality indices, fatty acid composi-
tion and antioxidant activity of the obtained oil were studied
and compared with those of typical hexane-, cold press- and
hot press-extracted oil. Aqueous extraction resulted in the
maximum oil recovery of 19.3% (w/w), obtained under the
following critical values: water/solid ratio (2.2:1.0, mL/g),
pH 5.0, extraction temperature = 63 °C and extraction
time = 375 min. This yield is lower than that obtained via
hexane extraction (26.8%, w/w) and higher than the yields
from cold press (7.0%, w/w) and hot press (8.6%, w/w)
extraction. A comparison of the characteristics of the oils
based on extraction method revealed that the unsaturated
fatty acid content was highest for the oil obtained by aqueous
extraction. In addition, higher levels of iodine and peroxide
and lower levels of acid, p-anisidine and unsaponifiable mat-
ter were observed. The oil obtained with aqueous extraction
also exhibited higher antioxidant activity than oils obtained
by hexane or hot press extraction.
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Introduction

Pomegranate seed, a by-product of the pomegranate juice
industry, contains numerous valuable components, including
vitamin E, sterols and punicic acid [1]. A number of studies
have investigated various aspects of pomegranate seed oil.
For example, Qu et al. [2] studied the effects of drying before
extraction and of processing conditions on the properties of
the antioxidants extracted from the peel and seeds of pome-
granate marc. The results showed that the drying process had
no significant effect on the yield, content or activity of the
extracted antioxidants. Also, increasing the water/sample ratio
resulted in a higher yield and the contents of the extracted
antioxidants were also higher. Tong et al. [3] attempted to
determine the estrogen content of pomegranate seed oil by lig-
uid chromatography-mass spectrometry but no estrogen was
detected. In another study, Yamasaki ef al. [4] showed that
dietary pomegranate seed oil promoted immunoglobulin pro-
duction by mouse splenocytes. Meerts et al. [5] evaluated the
toxicology and safety of pomegranate seed oil by in vitro and
in vivo tests. The results showed that in the absence and pres-
ence of metabolic activation up to precipitating concentrations
of 5000 pg/plate (Ames test) or 333 pg/mL (chromosome
aberration test) no mutagenicity of pomegranate seed oil was
observed. The effects of pomegranate seed oil on lipoperoxi-
dation and the activity of antioxidant enzymes in the liver and
brain of rats were studied by de Melo et al. [6]. It was found
that the pomegranate seed oil has a dose-response influ-
ence on an important antioxidant defense in the liver. Park
et al. [7] showed that pomegranate extract protected the skin
against UVB-induced damage. Asadpour ef al. [8] reported
that pomegranate seed oil exerted a protective effect in the
kidneys of rats against gentamicin-induced nephrotoxicity.
Harzallah et al. [9] studied the effects of pomegranate flower,
peel and seed oil on insulin resistance and inflammation in
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mouse models of high-fat and high-sucrose diet-induced obe-
sity. They found that pomegranate flower, peel, and seed oil
demonstrated anti-inflammatory properties, and pomegranate
seed oil improved insulin sensitivity. Sharma et al. [10] noted
that pomegranate and its constituents could play an important
role against certain types of cancer. Bihamta et al. [11] found
that pomegranate seed oil protected cardiomyocytes against
oxidative stress-induced damage and could be considered a
natural cardioprotective agent for the prevention of cardiovas-
cular disease. Miranda et al. [12] reported that dietary sup-
plementation of 0.5% punicic acid obtained from pomegran-
ate seed oil did not lead to a reduction in fat accumulation
in adipose tissue, liver, or skeletal muscle or an increase in
glycemic control in rats.

Conventional methods for producing edible oils from oil-
seeds typically involve the use of screw press or organic sol-
vent extraction. The use of water as an extraction medium is
a feasible alternative to traditional processing technologies.
Unlike screw press and organic solvent extraction, an aque-
ous method can extract oil and protein simultaneously with
minimal impact on the environment [13]. In fact, compared
to solvent extraction, an aqueous extraction medium is much
safer and more environmentally friendly and economical.

In a previous study, ultrasound-assisted aqueous enzy-
matic extraction of oil from pomegranate seeds was per-
formed using cellulase and Peclyv V (a pectinase prepara-
tion from Lyven, Colombelles, France), resulting in 15.33 g
0il/100 g dry seeds under the optimal operating conditions
of 2-h extraction time, 2% (w/w) enzyme concentration, 6:1
(mL/g) liquid/solid ratio and extraction temperature of 55 °C
[14]. Abbasi et al. [15] evaluated the effects of process vari-
ables on the extraction yield of oil from pomegranate seeds
using hexane and petroleum benzene and concluded that dif-
ferent methods of extraction with organic solvents (Soxhlet,
microwave irradiation, ultrasonic irradiation and normal stir-
ring) significantly impact the oil extraction yields. Balvardi
et al. [16] used a protease and a Cellulase for the extrac-
tion of oil from Iranian wild almond and reported 77.8%
recovery for oil using an aqueous enzymatic extraction pro-
cedure under the optimal extraction conditions suggested
by response surface methodology (RSM), pH 5.0; extrac-
tion temperature 50 °C and extraction time 4 h, when both
enzymes were used at 1.0% (v/w) concentration. It has been
reported that the quality indices of wild almond oil obtained
by aqueous extraction were somewhat similar to those of
oil extracted by cold press and much superior to those of oil
obtained by Soxhlet extraction [17].

RSM is used for modeling and analysis of the processes
using a collection of mathematical and statistical techniques.
RSM predicts the best performance conditions and opti-
mizes the responses of interest that are affected by numerous
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variables. However, it has some limitations with respect to
industrial systems. For example, it fits the data to a second-
order polynomial, which does not encompass all systems
[18].

In the present study, an aqueous extraction method was
developed to obtain oil from pomegranate seeds. The main
objective of this work was the optimization of a process for
the extraction of pomegranate seed oil using a five-level,
four-variable central composite rotatable design from RSM
to study the effects of extraction time, extraction tempera-
ture, pH and water/solid ratio on the yield of pomegranate
seed oil. In addition, the quality indices and fatty acid com-
position of pomegranate seed oil from the aqueous extrac-
tion method were compared with those of hot press extracted
oil (HPEO), cold press extracted oil (CPEO) and hexane-
extracted oil (HEO).

Materials and methods
Materials

Pomegranate seeds were purchased from a juice producing
company in Saveh (Markazi Province of Iran). The initial
moisture content of pomegranate seeds used in this work was
3.5% (w/w). Extra-pure (~95%) hexane, used as an organic sol-
vent, was purchased from Mojallali Chemical Company (Teh-
ran, Iran). 2,2-Diphenyl-1-picrylhydrazyl (Sigma—Aldrich, St.
Louis, MO, USA), NaOH (Scharlau, Barcelona, Spain) and
HCI (Mojallali, Tehran, Iran) were also used in the study. All
other reagents were of analytical grade.

Aqueous extraction procedure

First, seeds were pulverized using a grinder and passed
through a 40-mesh sieve. Then, 30 g of the ground materi-
als were mixed with distilled water in a plastic container
(250 mL) to achieve water/solid ratios of 1.0, 1.5, 2, 2.5 and
3.0 (mL/g). NaOH and HCl at 0.1 N were used to set the pH
of the obtained mixtures to 3.0, 5.0, 7.0, 9.0 and 11.0. Then,
the mixtures were incubated at 10, 25, 40, 55 and 70 °C for
30, 120, 210, 300 and 390 min using a shaker incubator
with a constant shaking rate of 100 rpm, and the extracted
oil was separated from the aqueous phase by centrifugation
(5000xg for 10 min) (8KS, Sigma, Osterode am Harz, Ger-
many) [19]. After centrifugation, the free oil was carefully
collected from the other phases using a pipette and weighed.
The oil extraction yield was determined using Eq. (1):

Oil yield (%) = weight of extracted oil (g) / weight of seed used (g)
x 100. ()



J Am Oil Chem Soc (2017) 94:1491-1501

1493

The oil trapped in the emulsion phase was not measured
in the current study and therefore, the reported yields repre-
sent only the oil obtained in the upper phase.

Design of the experiments to optimize extraction
conditions

A central composite design (CCD) by RSM was used to
study the effects of four independent variables (pH, water/
solid ratio, time and temperature) at five levels on the extrac-
tion yield. The ranges and the center points for the four inde-
pendent variables were based on the results of preliminary
experiments (Table 1). The CCD in the experimental design
consists of 24 factorial points and seven replicates of the
central point (Table 1). The behavior of the system was
explained by the second degree polynomial Eq. (2) [20]:

4 4 3 4
Y=p+ Z biX; + Z X + Z Z X iX; @
P P

i=1 i=1

where Y is the response function, f3, the intercept, f3;, 3;; and
pj; the coefficients of the linear, quadratic and interactive
terms, respectively, and X; and X; the coded independent
variables. The fitted polynomial equation is expressed as sur-
face and contour plots to visualize the relationship between
the responses and the experimental levels of each factor.
Design-Expert® V7 (Stat-Ease Inc., Minneapolis, MN, USA)
was used to determine the analysis of variance (ANOVA)
and coefficient of determination (R?) to estimate the fitness
of the model.

Organic solvent extraction

For organic solvent extraction, 10 g of ground pomegranate
seeds (40-mesh) was extracted using 250 mL of n-hexane
in a Soxhlet apparatus (model B-810, BUCHI Labortech-
nik AG, Flawil, Switzerland) at 68 °C for 6 h. The solvent
(n-hexane) was then removed at 50 °C under reduced pres-
sure using a rotary evaporator (Laborota 4003, Heidolph
Instruments GmbH & Co. KG, Kelheim, Germany), and the
oil was then dried to constant mass in an oven at 85 °C. The
obtained oils were weighed to determine the extraction yield
and stored at 4 °C under a nitrogen atmosphere [19].

Mechanical extraction of oil

Extraction by press was carried out at 26 + 2 °C for cold
press and ~50 °C for hot press [21]. The pomegranate seeds
were divided into 500-g batches and pressed at a feed rate
of 6.25 kg/h using a pilot-scale expeller (model Y2-80M2-
4-WS06028, Iran Cold Pressing Co., Tehran, Iran). Crude
press oils were collected and centrifuged (8KS, Sigma,

Table 1 Experimental design for the five-level-four-factor central
composite design and the obtained responses for the aqueous extrac-
tion of oil from pomegranate seeds

Run Independent variables® Extraction
a 2 c O yield (%,
w/W)
1 5 25 120 1.5 14.23
2 9 25 120 1.5 12.82
3 5 55 120 1.5 13.71
4 9 55 120 1.5 10.87
5 5 25 300 1.5 13.27
6 9 25 300 1.5 12.27
7 5 55 300 1.5 16.41
8 9 55 300 1.5 14.25
9 5 25 120 25 10.43
10 9 25 120 25 10.21
11 5 55 120 25 15.31
12 9 55 120 25 11.40
13 5 25 300 25 10.97
14 9 25 300 25 9.16
15 5 55 300 2.5 18.89
16 9 55 300 2.5 15.10
17 3 40 210 2 15.72
18 11 40 210 2 13.03
19 7 10 210 2 11.31
20 7 70 210 2 14.77
21 7 40 30 2 12.74
22 7 40 390 2 18.23
23 7 40 210 1.0 10.51
24 7 40 210 3.0 9.53
25 7 40 210 2.0 17.56
26 7 40 210 2.0 18.53
27 7 40 210 2.0 17.47
28 7 40 210 2.0 18.02
29 7 40 210 2.0 17.62
30 7 40 210 2.0 18.76
31 7 40 210 2.0 18.63

%A pH, B extraction temperature (°C), C extraction time (min) and D
water/solid ratio (mL/g)

Osterode am Harz, Germany) to remove the solids. The oils
were then weighed to determine the extraction yield and
stored at 4 °C under nitrogen atmosphere until use in the
next stages.

Fatty acid analysis

The fatty acid composition of the extracted oils was analyzed
using a gas chromatograph (Perkin Elmer, Clarus 500, Belle-
fonte, PA, USA) equipped with a flame ionization detector
and a polar capillary column (SP 2560, Supelco, Bellefonte,
PA, USA) 100 m in length, with an internal diameter of
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0.25 mm and film thickness of 0.2 um. Before the injection,
a 50-ug sample was mixed vigorously with 2.0 mL metha-
nolic potassium hydroxide (5.6 g KOH in 100 mL dried pure
methanol). The suspension was then kept at 50 °C for 1 hin
a thermostated oven. Next, 1.0 mL distilled water was added
and mixed vigorously for 2 min. The fatty acid methyl esters
(FAME) produced in this procedure were then extracted
using 1.0 mL hexane, transferred into a clean vial, dried
using sodium sulphate powder [15] and injected (0.5 pL)
into a PerkinElmer Clarus 500 gas chromatograph (Perki-
nElmer, Waltham, MA, USA) equipped with a Supelco
SP-2560 column (100 m X 0.25 mm L.D. X 0.2 pm film
thickness). With regard to the operating conditions, both the
injector and the detector temperatures were set at 250 °C.
The oven temperature was programmed to start at 90 °C,
where it was held for 5 min, and it was then increased to
230 °C at a rate of 2 °C/min, where it was held for 15 min.
Nitrogen gas of 99.99% purity was used as the carrier gas,
and a split ratio of 1-20 (v/v) was applied on the injection
system. The identities of the obtained FAME were deter-
mined by comparing the retention times of the components
with those of a mixture of FAME standards.

Quality attributes of the extracted oils

Iodine value (IV), refractive index (RI), unsaponifiable mat-
ter (UM) and saponification value (SV) were determined
using AOAC [22] standard analytical methods. IV was
expressed as the grams of iodine absorbed per 100 g of oil
sample. Additionally, the acid value (AV), peroxide value
(PV) and p-anisidine value (PAV) were determined follow-
ing the standard IUPAC methods [23]. The TOTOX value
was obtained as 2 X PV + PAV [16].

Determination of antioxidant activity with the DPPH
radical-scavenging assay

The anti-radical scavenging activities of the oil samples
were measured according to the method described by Lv
et al. [24], with slight modification. Briefly, the samples
were diluted in ethyl acetate (2.5-40 ug/mL), and 2.0 mL of
this solution was added to 2 mL of DPPH solution (300 uM
in ethyl acetate). The mixture was then shaken vigorously
and left in the dark for 20 min. Finally, the absorbance of
the mixture was measured against ethyl acetate (blank) at
517 nm using a UV-visible spectrophotometer (Spectrum
SP-UV 500DB; Spectrum Instruments, Victoria, Australia).

Statistical analysis
All experiments performed under the CCD were analyzed

using Design-Expert® version 7 software (Stat-Ease, Inc.,
Minneapolis, MN, USA). Data were analyzed via Duncan’s
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test using SPSS version 15 software (SPSS Inc., Chicago,
IL, USA). Data are presented as means + standard devia-
tions obtained by triplicate experiments, and a probability
value of p < 0.05 is considered significant for the differences
among the mean values.

Results and discussion

Optimization of aqueous oil extraction
from pomegranate seeds by RSM

The conditions for aqueous extraction of oil from pome-
granate seeds were optimized by RSM using CCD. Table 1
shows the design matrix and the responses obtained for the
extraction yield. A mathematical equation was used to cal-
culate data for the extraction yield of oil (¥) obtained from
pomegranate seed, as provided in Eq. (3):

Y = 18.08 — 0.94A + 1.23B + 0.93C — 0.35D — 0.95A>
—1.29B% = 0.67C? — 2.04D* — 0.52AB — 0.024AC
—0.15AD + 0.96BC + 1.08BD + 0.14CD 3

where A, B, C and D correspond to the coded values of
the four independent variables (pH, extraction temperature,
extraction time and water/solid ratio). The oil extraction
yield is in the range of 9.16—-18.89% (w/w). The analysis of
variance for the model of stability is shown in Table 2. The
p value of the model was less than 0.0001 indicating that the
model was significant. Regression analysis showed that the
coefficient of determination (R> = 0.9720) was satisfactory
for validating the significance of the model. All the inde-
pendent variables (A, B, C and D), three interaction terms
(AB, BC and BD), and four quadratic terms (A%, B%, C* and
D?) had a significant effect on Y (p < 0.05). Figures 1 and 2
show the response surfaces generated by the proposed mod-
els. These results express the interactions between the two
independent variables while the other two variables were
both maintained at the central point.

The 3-D response plot in Fig. la, which provides the
extraction yield of oil as a function of pH and extraction
temperature at a fixed extraction time (210 min) and water/
solid ratio (2:1, v/w), indicates that the oil extraction yield
increased with increasing pH from 3.0 to 5.0, but rapidly
decreased with an increase in pH beyond 5.0. Adjusting
the pH affects the withdrawal of the oil from the oilseed by
changing protein solubility, which depends on the isoelectric
point of the protein in the oilseed grain and can vary depend-
ing on the nature of different oilseeds [25, 26]. Another rea-
son for the differences in the oil extraction efficiencies at
various pH levels is the effect of pH on the oleosins in the
membrane of fatty tissues that can affect fat tissue stability
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Table 2 Analys.is of va.rianc.c Source Sum of squares ~ Degree of = Mean square  Fvalue  p value prob >f  Significant
(ANOVA) for oil recovery via freedom
the aqueous extraction of oil
from pomegranate seeds Model 285.84 14 20.42 39.67 <0.0001 wE
A 21.13 1 21.13 41.05 <0.0001 wE
B 36.26 1 36.26 70.45 <0.0001 wE
C 20.76 1 20.76 40.33 <0.0001 wE
D 2.88 1 2.88 5.60 0.0309 K
AB 4.26 1 4.26 8.28 0.0109 o
AC 0.01 1 0.01 0.02 0.8963
AD 0.34 1 0.34 0.65 0.4307
BC 14.78 1 14.78 28.72 <0.0001 ok
BD 18.66 1 18.66 36.26 <0.0001 K
CD 0.30 1 0.30 0.59 0.4545
A? 25.92 1 25.92 50.36 <0.0001 wE
B’ 47.28 1 47.28 91.86 <0.0001 wok
c? 13.01 1 13.01 25.28 0.0001 *oE
D’ 119.10 1 119.10 231.39 <0.0001 *E
Residual 8.24 16 0.51
Lack of fit 6.41 10 0.64 2.11 0.1871
Pure error 1.82 6 0.30
Cor total 294.07 30

A pH, B extraction temperature (°C), C extraction time (min) and D water/solid ratio (mL/g)

**Significant at 95% confidence level

and, consequently, the accumulation of fat globules [27,
28]. Changes in the pH affect the solubilities of the proteins
surrounding the oil droplets resulting in a difference in the
release of oil droplets from the particles. The stability and
solubility levels of the oleosins that surround the oil drop-
lets are also affected by changes in the pH. The optimal pH
for the aqueous extraction of oils from different seeds can
vary due to the different proteins in their structures [29, 30].
The extraction yield of oil initially increased (somewhat
rapidly) with an increase in the extraction temperature from
10 to 63 °C, and then gradually decreased with a further
increase in temperature from 63 to 70 °C. This may result
from changes in the viscosity of the oil at different tempera-
tures. QOil viscosity decreases with an increase in the tempera-
ture, and therefore the withdrawal of oil from plant tissues
becomes easier; however, excessive temperatures can cause
the coagulation of proteins, and oil can be trapped in the
coagulated protein. The effect of temperature on the oleosins
in the membrane of fatty tissues may be another explana-
tion for the increased extraction yield with an increase in
temperature to 63 °C or less. According to Rosenthal ez al.
[31], the ability of oleosins to sustain oil droplets within cells
decreases with increasing temperature. Figure 1b shows the
3-D response surface plot at varying extraction times and
pH at a fixed extraction temperature (40 °C) and a constant
water/solid ratio (2:1, v/w). The extraction yield increased
considerably between 30-375 min of extraction time but

reached a plateau for extraction times beyond 375 min, where
maximum yield was maintained. The solubilization of cell
wall components increased with increased extraction time,
and eventually reached a maximum. In addition, the extrac-
tion yield increased rapidly with an increase in pH from 3.0
to 5.0, but then rapidly declined beyond pH 5.0. Figure lc
shows the 3-D response surface plot at varying water/solid
ratios and pH levels at a fixed extraction time of 210 min and
extraction temperature of 40 °C. The maximum extraction
yield of oil was achieved when the water/solid ratio and pH
were 2.2 mL/g and 5.0, respectively. At a low water/sam-
ple ratio, the extraction of droplets from the cell structure
is more difficult, and efficiency is reduced due to the high
concentration of solids. On the other hand, at a higher water/
sample ratio, the amount of oil remaining in the aqueous
phase increases with increased volume of the aqueous phase.
Changes in the water/sample ratio can also influence protein
solubility and extraction yield by changing the concentration
of dissolved ions in water [32]. The 3-D response surface plot
in Fig. 2a was developed for the extraction of oil at varying
extraction times and temperatures at a fixed pH of 7.0 and a
water/solid ratio of 1:2 mL/g. The maximum oil extraction
yield was achieved with extraction time and temperature of
375 min and 63 °C, respectively. Figure 2b shows the 3-D
response surface plot developed for the extraction of oil at
varying extraction temperatures and water/solid ratios at a
fixed extraction time of 210 min and pH 7.0. The maximum
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[

Qil extraction yield (Wt%)

Oil extraction yield (wt%)

Fig. 1 The effects of extraction temperature and pH at fixed extrac-
tion time (210 min) and water/solid ratio (2.0) (a), extraction time
and pH at fixed extraction temperature (55 °C) and water/solid ratio
(2.0 mL/g) (b), water/solid ratio and pH at fixed extraction temper-

extraction yield was achieved with extraction temperature of
63 °C and water/solid ratio of 2.2:1 mL/g. The 3-D response
surface plot based on extraction time and water/solid ratio
is shown in Fig. 2c, with the extraction temperature and
pH maintained at 40 °C and 7.0, respectively. The extrac-
tion yield increased with an increase in the water/solid ratio
from 1:1 to 2.2:1 mL/g, and then declined as the water/solid
ratio was further increased to 3:1 mL/g. In addition, the yield
increased rapidly as the extraction time was increased from
30 to 300 min, after which no further increase in yield was
observed.

According to the model, the predicted maximum oil yield
was 20.3% (w/w) using the following critical values: water/
solid ratio of 2.2 mL/g, pH of 5.0, extraction temperature
of 63 °C and extraction time of 375 min. The validation
tests were carried out in triplicate under optimal conditions
to determine the adequacy of the quadratic model where a
mean value of 19.3% (w/w) was found for the extraction
yield under the conditions predicted by the model, which did
not differ significantly from the theoretical predicted value.
Therefore, the extraction conditions suggested by RSM were
considered reliable and practical. A photographic image of
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Oil extraction yield (wt%)

S,
300 “
210 =10

Extraction time (min)

ature (55 °C) and extraction time (210 min) (c¢) on the oil recovery
from pomegranate seeds via the aqueous extraction method devel-
oped in the current study (shaking rate = 100 rpm)

the phase separation in the aqueous extraction of pome-
granate seed oil under the optimal conditions of the CCD
is shown in Fig. 3. The free oil is located at the top, and
the cream (oil-in-water emulsion) and skim (aqueous phase)
are located below the oil phase, while the residual phase is
at the bottom of the tube. Thus, it can be concluded (from
CCD) that the optimal extraction conditions for pomegran-
ate seed oil include an extraction temperature of 63 °C, pH
of 5.0, extraction time of 375 min and water/solid ratio of
2.2 mL/g. However, these conditions can affect the quality of
the extracted proteins, which requires further investigation.

Among the four parameters studied, the extraction tem-
perature had the greatest effect on oil yield, followed by
pH, extraction time, and water/solid ratio, according to the
regression coefficient significance of the quadratic polyno-
mial model (Table 2) and the gradient of slope in the 3-D
response surface plots (Figs. 1, 2).

Fatty acid composition

The fatty acid profile of pomegranate seed oil extracted
using the aqueous procedure under the optimal conditions
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1Y)

Oil extraction yield (wt%)

Extraction time (min) Extraction temperature (°C)

Qil extraction yield (wt%)

Water/solid ratio (ml/g)

Fig. 2 The effects of extraction time and extraction temperature at
fixed pH (7.0) and water/solid ratio (2.0 mL/g) (a), water/solid ratio
and extraction temperature at fixed pH (7.0) and extraction time
(210 min) (b) and water/solid ratio and extraction time at fixed pH

Fig. 3 Phase separation of the
pomegranate seed oil obtained
by the aqueous extraction
procedure [under the optimal
conditions of CCD, water/solid
ratio (2.2 mL/g), pH = 5.0,
extraction temperature = 63 °C
and extraction time = 375 min]
followed by centrifugation at
5000xg for 10 min

Free oil

Aqueous phase
(skim)

=p

Qil extraction yield (wt%)

Water/solid ratio (ml/g) Extraction temperature (°C)

390

Extraction time (min)

(5.0) and extraction temperature (55 °C) (c) on the oil recovery from
pomegranate seeds via the aqueous extraction method developed in
the current study (shaking rate = 100 rpm)

Cream

(oil in water emulsion)

Residual
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Table 3. Fatty acid Fatty acids Aqueous extraction® Cold press Hot press Hexane extraction
compositions of pomegranate
seed oils obtained by aqueous C16:0 3.04 + 0.00° 4.00 + 0.28° 3.85 + 0.49% 3.91 +0.16°
extraction, cold-press, hot-press g, 2.14 + 0.00° 2.40 + 0.14% 230 4 0.14° 2.61 + 0.04°
and hexane extraction methods
C18:1 6.14 + 0.16° 7.80 + 0.14% 7.70 + 0.99 8.01 +0.12
C18:2 5.89 + 0.05° 7.45 +0.35% 6.60 + 0.00° 6.81 +0.11°
Cl18:3 81.40 +0.17° 77.05 +0.91° 77.17 + 0.52° 77.23 +0.34°
C20:0 0.52 + 0.00° 0.50 + 0.01* 0.55 + 0.07 0.58 + 0.00*
C20:1 0.84 + 0.04° 0.75 + 0.07* 0.85 + 0.07 0.86 + 0.01*
YSFA 5.70 + 0.00° 6.90 + 0.43% 6.7+0.7% 7.10 + 0.2
YMUFA 6.98 + 0.20° 8.55 +0.21° 8.55 + 1.06% 8.87 +0.13
Y PUFA 87.29 + 0.22° 84.50 + 1.26° 83.77 + 0.52° 84.04 + 0.45°
TU 94.27 + 0.42° 93.05 + 1.47% 92.32 + 1.58% 92.91 + 0.58°
TU/TS 16.54 + 0.07 14.37 + 2.07% 13.86 + 1.22° 13.09 +0.29°

C16:0 palmitic acid, C18:0 stearic acid, CI8:1 oleic acid, C18:2 linoleic acid, C18:3 punicic acid, C20:0
arachidic acid, C20:1 gadoleic acid, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA
polyunsaturated fatty acid, TU total unsaturated fatty acid, 7S total saturated fatty acid

45¢[n each row, means with the same letter are not significantly different (p > 0.05)

dPomegranate seed oil extracted by the aqueous process under the optimal conditions of CCD (water/solid
ratio (mL/g) = 2.2, pH = 5, extraction temperature = 63 °C and extraction time = 375 min)

of the CCD was compared with those of the oils extracted
by hexane, cold press and hot press. As shown in Table 3,
seven main components, three saturated fatty acids (SFAs),
two monounsaturated fatty acids (MUFAs) and two poly-
unsaturated fatty acids (PUFAs) were identified. The rela-
tive concentrations of fatty acids in all samples are as fol-
lows: punicic acid > oleic acid > linoleic acid > palmitic
acid > gadoleic acid > stearic acid > arachidic acid, which
are in agreement with those reported by Abbasi et al. [15].
Palmitic acid was the main SFA in the oils studied here rang-
ing from 3.04% in aqueous-extracted oil (AEO) to 4.00% in
CPEO. Two other SFAs (stearic and arachidic acids) were
within 2.14-2.61 and 0.5-0.58%, respectively. All of the oil
samples exhibited high amounts of total unsaturated fatty
acids. The most prevalent MUFA among the oils from all
extraction methods was oleic acid, which ranged from 6.14%
(for AEO) to 8.01% (for HEO).

Considering the fatty acid compositions of the oils
extracted by cold press, hot press, and hexane, the concen-
tration of stearic acid was slightly lower than that in the
CPEO and HEO. On the other hand, the concentration of
linoleic acid in CPEO was slightly higher than those in
HPEO and HEO. However, the fatty acid composition of
AEQs differed somewhat from that of oils obtained with the
other three extraction methods. For example, the amount of
punicic acid was higher (81.40 = 0.17%) in AEO than in
oils from other methods (Table 3). This was verified by the
level of PUFA in AEO (87.29%), which was greater than that
in the CPEO (84.50%), HEO (84.04%) or HPEO (83.77%).
As a consequence, the ratio of unsaturated to saturated
FAs in AEO in the current study (16.47) was higher than
that in HPEO (13.87), CPEO (13.49) and HEO (13.19). In
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agreement with the results of this study, Khoddami et al.
[33] reported that the ratio of unsaturated to saturated FAs
in the oils of pomegranate seeds extracted by cold press from
the Torshe Malas variety and two other pomegranate seed
oils (one from Iran and one from Turkey) were 12.43, 12.50
and 13.07, respectively.

Quality indices of the extracted oils

Quality indices of pomegranate seed oil obtained with
the aqueous extraction process under the optimal condi-
tions of CCD were compared with those of oils obtained
by cold press, hot press and hexane (Table 4). No signifi-
cant differences were found in the refractive indices and
saponification values of these oils. However, the iodine
value (g 1,/100 g oil) was higher in AEO (260 + 0) than
CPEO (243 + 1), HPEO (242 + 2) or HEO (242 + 1),
which was expected based on the fatty acid composition
data (Table 3). In this study, the peroxide value of the oil
derived from aqueous extraction was higher than that for
other oils (Table 4). In agreement with the findings of the
current study, Hanmoungjai et al. [34] reported that the
peroxide value for AEO from rice bran was higher than
that for HEO.

The acid value for AEO was lower than those obtained
for HPEO and HEO, but higher than that for CPEO. This
may be explained in part by the fact that the free fatty acids
are stripped away by water during aqueous oil extraction.
In agreement with the findings in this study, a study car-
ried out on Moringa oleifera seed oil showed that the acid
value for HEO (2.48 + 0.11) was higher than that for AEO
(1.13 + 0.08) [35]. Li et al. [36] reported that the acid
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Table 4 Quality indices of
pomegranate seed oil obtained

Parameter

Aqueous extraction®

Cold press Hot press Hexane extraction

by aqueous extraction, cold-

RI (25 °C)
press, hot-press and hexane

1.5182 + 0.0001*

1.5181 + 0.0000*  1.5180 +.0001*  1.5179 + 0.0002*

extraction methods in the IV (g 1,/100 g oil) 260.2 + 0.0 243.1 + 1.4° 2422+ 1.5° 2417 +0.7°

current study SV (mg KOH/goil) 1913 + 0.5 190.4 + 0.5 190.8 + 1.9° 188.9 + 1.9°
PV (meq O,/kg oil) 8.40 + 0.28? 3.25 +0.00° 5.50 +0.01° 5.10 + 0.14°
AV (mg KOH/g oil) 0.50 + 0.00° 0.47 + 0.00¢ 0.54 +0.01° 0.58 +0.01*
PAV 10.00 + 0.04° 5.11 £ 0.044 6.17 £ 0.01° 16.19 + 0.03
TOTOX 26.80 + 0.60° 11.61 +0.04° 17.17 £ 0.43 26.7 +£0.31*
UM (%, wiw) 1.81 +£0.04° 1.39 + 0.08¢ 1.27 + 0.04¢ 3.27 £0.15%
Oil yield (%, wiw) 19.3 +0.4° 8.6 +0.0° 7.0 + 0.0 26.8 + 0.0°

RI refractive index, /V iodine value, SV saponification value, PV peroxide value, AV acid value, PAV p-ani-
sidine value, TOTOX total oxidation value, UM unsaponifiable matter

abedy each row, means identified with the same letter are not significantly different (p > 0.05)

“Pomegranate seed oil was obtained by the aqueous process under the optimal conditions of CCD [water/
solid ratio (mL/g) = 2.2, pH = 5, extraction temperature = 63 °C and extraction time = 375 min]

value for AEO (0.54 + 0.02) was lower than that for HPEO
(1.36 + 0.03). Based on the results of the current study,
the p-anisidine value for AEO (10.00 + 0.04) was higher
than that for HPEO or CPEO (Table 4), but lower than that
for HEO (16.19 + 0.03). Such differences can be attributed
to the exposure of oil to the surrounding water during the
extraction process, which warrants further investigation.

The amount of unsaponifiable matter (%, w/w) was higher
in HEO (3.27 + 0.15) than in AEO (1.81 + 0.04), HPEO
(1.39 + 0.08) or CPEO (1.27 + 0.04). This may be due to
the ability of hexane to extract materials solubilized in the
oil [37]. In the present study, the TOTOX value as a meas-
ure of the total amount of oil oxidation was determined for
each of the oils, with results showing that the TOTOX value
for CPEQ, at 11.61 + 0.04, was the lowest among all oils
studied.

The extraction yield for AEO under optimal conditions
suggested by RSM was 19.3 + 0.4 (%, w/w), which was
higher than those for CPEO (7.0 = 0.0%, w/w) or HPEO
(8.6 = 0.0%, w/w). However, the AEO extraction yield was
only about 72% of that for HEO (26.8 + 0.0%, w/w). When
considering the environmental and health-related issues
associated with the use of hexane as an extraction solvent,
the oil obtained by the aqueous method can be considered
a safer product.

Antioxidant activities of the oils extracted by different
methods

The differences in the antioxidant capacities of the oils
extracted via different methods are shown in Fig. 4. The
results show that CPEO and AEO have higher antioxidant
activities than HPEO or HEO. The high antioxidant capac-
ity of the oil obtained via aqueous extraction may be due
to the higher levels of unsaturated fatty acids in this oil.

2.0

—— Hexane extraction

—#— Hot-press

~a— Cold-press

=== Aqueous extraction
1.0

Absorbance at 517nm

0.5

0.0
0 5 10 15 20 25 30 35 40 45

Concentration of oil sample (pug oil/ mL ethyl acetate)

Fig. 4 The DPPH radical scavenging activity of oils obtained from
pomegranate seeds via different extraction methods. Pomegranate
seed oil was obtained by the aqueous process under the optimal con-
ditions of CCD [water/solid ratio (mL/g) = 2.2, pH 5.0, extraction
temperature = 63 °C and extraction time = 375 min]. The data are
expressed as the mean + SD (n = 3)

According to Li et al. [36], tocopherols were found at higher
levels in peanut oil from aqueous extraction than cold or hot
press. The amount of oil required to quench 50% of total
DPPH free radicals (i.e., that of the initial concentration of
the DPPH solution) is presented as the 1Cs, value of the
respective oils (Fig. 5). AEO exhibited the lowest ICs, value
(10.5 pg/mL) and HPEO the highest.

In a study on the aqueous-enzymatic extraction of pump-
kin seed oil with microwave pretreatment, Jiao et al. [37]
reported higher antioxidant capacity for oil obtained by
aqueous extraction than by hexane extraction. With results
similar to the findings of the current study, Long er al. [38]
reported on the aqueous-enzymatic extraction of flaxseed
oil using ultrasonic pretreatment of the seeds, in which the
oil extracted using an aqueous method had higher antiox-
idant capacity than oil extracted using a hexane method.
This difference can be explained in part by the higher levels
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35.0 Comparing the quality attributes of the extracted oils, our
300 results show that the oil obtained by cold press had lower

25.0

20.0

a
b
15.0
c
c
10.0
5.0
0.0

Hexane extraction

ICso (Hg/mL)

Aqueous extraction Cold press Hot press

Extraction procedure

Fig. 5 The effective concentration for 50% inhibition (ICs,) of free
radical scavenging activity by oils extracted with cold press, hot
press, hexane and aqueous extraction methods. a—c Those identified
with the same letter are not significantly different (p > 0.05)

of unsaturated fatty acids in the oils obtained by aqueous
extraction.

Conclusion

According to the results of this study, extraction temper-
ature, extraction time, pH and water/solid ratio affect the
aqueous extraction of oil from pomegranate seeds. A change
in the extraction temperature influences numerous param-
eters, including the viscosity of the oil and the extraction
kinetics. However, excessively high temperatures can nega-
tively impact the yield obtained via aqueous oil extraction,
due to protein coagulation. The pH primarily influences the
solubilities of the surrounding proteins in the seeds based
on their isoelectric points. The extraction time is another
parameter that is important within a given range. In this
case, an increase in the extraction time allowed greater
solubilization of the cell wall components. The water/solid
ratio must also be optimized in aqueous oil extraction. A
minimum amount of water is required to suspend the seed
powder and additional water is required to improve the mass
transfer of oil during agitation. Therefore, water increases
the extraction yield. In this study, the optimal conditions pre-
dicted by RSM for the aqueous extraction of oil included a
water/solid ratio of 2.20 mL/g, temperature of 63 °C, extrac-
tion time of 375 min and pH of 5.0. The yield of aqueous
oil extraction under these conditions was lower than that
obtained by hexane but higher than that using cold press
or hot press methods. With regard to the fatty acid content
of the oils, punicic acid—the most important fatty acid in
pomegranate seed oil—was observed in higher concentra-
tions in oil obtained by aqueous extraction, indicating a
higher nutritional value for oil extracted with this method.
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PV, AV, PAV and TOTOX than oils extracted by hot press,
hexane or aqueous methods, and the oil obtained by aqueous
extraction was of higher quality than the oil obtained by hot
press extraction. In general, aqueous extraction of oil is safer
than hexane extraction, and achieves higher yields than hot
or cold press methods.
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