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Abstract Pomegranate seed oil presents nutraceutical

properties. Industrial processes for extraction of edible oils

from seeds generally involve a solvent extraction step.

Safety considerations on the use of organic solvents

prompted attempts to develop aqueous extraction. How-

ever, aqueous extraction processes are usually character-

ized by low oil yields. The objective of this work was to

overcome these low yields by using enzymes. The pome-

granate seeds were treated with two enzymes—cellulase

and Peclyve V. The extraction temperature, the time, the

enzyme concentration, and the water/seeds ratio were

varied between 35 and 55 �C, 2 and 8 h, 2 and 4 % w/w,

and 2/1 and 6/1 mL/g, respectively. The optimum yield

accomplished (15.33 g oil/100 g dry seeds at 2 h or 81 %

oil recovery) was comparable to the yields obtained by

other extraction methods, such as normal stirring, cold

pressing, superheated fluid extraction, indirect ultrasound-

assisted extraction and supercritical extraction,

(4.29–25.11 g oil/100 g seeds) at similar or longer

extraction times (10 min–72 h). In addition, this work

studies the enhancement of aqueous enzymatic extraction

of pomegranate seed oil by ultrasound probe. It was found

that only 10 min in water are needed to recover oil with a

yield of 18.15 g oil/100 g dry seeds, a value similar to or

higher than those of the conventional procedures. Thus, the

use of ultrasounds increased the yield of enzymatic

extraction by 18.4 % and reduced the extraction time by

91.7 %.

Keywords Aqueous enzymatic extraction � Cellulose �
Pectinase � Pomegranate � Seed oil � Ultrasounds

Introduction

The production and consumption of pomegranate have

greatly increased throughout the world in recent years due

to the health-promoting potential of different components

of pomegranates [1]. Pomegranates are rich in aril, the

percentage of which ranges from 50 to 70 % of total fruit

and comprises of 78 % juice and 22 % seeds [2]. Pome-

granate seeds show average contents of about 37–143 g/kg

of fruit depending on variety, geographical location,

growing conditions, maturity stage, etc. [3]. Oil content of

seeds varies from 12 to 20 % of the seed on a dry weight

basis [4–6]. Pomegranate seed oil consists of 65–80 %

conjugated fatty acids, such as 9-trans, 11-cis, 13-trans,

and octadecatrienoic acid (punicic acid) [7]. Besides

punicic acid, pomegranate seed oil contains tocopherols

and phytosterols.

Pomegranate seed oil has been well documented for its

potential health benefits, such as antioxidant properties,

lipoperoxidation, activity of antioxidant enzymes, immune

function, lipid metabolism, estrogene content, skin pho-

toaging inhibition effect, and protective effect against

nephrotoxicity [8–14]. Due to these nutritional and

medicinal properties, the seeds could have more applica-

tions instead of being used as animal feed or in cosmetic

products. One way to utilize the seeds is to extract the oil

and use it as a functional ingredient in the food industry.

Pomegranate seed oil can be extracted with various

extraction methods. Kalamara et al. [15] extracted pome-

granate seed oil using the direct ultrasound-assisted method

with a yield varying between 15.66 and 18.16 g oil/100 g
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seeds at extraction time of 10 min, whereas Tian et al. [16],

who extracted pomegranate seed oil using ultrasounds by

the indirect method, obtained a higher efficiency of

25.11 g oil/100 g seeds at extraction time of 35 min.

Several researchers extracted oil from pomegranate seeds

with lower or similar yields using different extraction

methods and reported much longer extraction times [15].

Goula and Adamopoulos [17] achieved an extraction yield

of about 9.5 g oil/100 g seeds at 4 h using the conventional

stirring method. Superheated hexane extraction showed

higher extraction efficiency (22.18 g oil/100 g seeds at

2 h) [4] than Soxhlet extraction (17.94 g oil/100 g seeds at

24 h) [4, 7, 18], cold pressing (4.29 g oil/100 g seeds at

72 h), and supercritical carbon dioxide extraction

(15.72 g oil/100 g seeds at 2 h) [19].

Generally, processes for extraction of seeds oil involve

pressing and solvent extraction. Environmental problems,

such as solvent loss and associated pollution problems, and

safety points of view are the main concerns relating to the

conventional solvent-based oil extraction. These consider-

ations prompted attempts to develop aqueous extraction

methods. In aqueous extraction, there is no chemical

potential for oil dissolution and extraction is based on the

insolubility of oil in water rather than on the dissolution of

oil. According to Rosenthal et al. [20], the water soluble

components of seeds diffuse in the water rather than in oil,

thereby releasing the oil, which was previously bound in

the original structure. On the contrary, the conventional

solvent extraction is based on the oil capacity to dissolve.

However, aqueous extraction processes are usually

characterized by low oil yields. The low extraction yields

can be overcome by using enzymes, such as cellulases,

hemicellulases, and pectinases, that hydrolyze the struc-

tural polysaccharides forming the cell wall of oilseeds or

that hydrolyze the proteins, which form the cell and lipid

body membranes [22], and facilitate oil release from the oil

bodies. Thus, the soluble components diffuse into water

and the released oil forms a separate liquid phase [21].

Researches have been done on aqueous enzyme-assisted oil

extraction from various seeds such as soybean, Jatropha

curcas, canola, grape, sunflower, Kalahari melon, peanut,

sesame, bayberry (Myrica rubra) kernels, and pumpkin

seeds [22–35]. However, it is very difficult to select the

best enzyme for a given oilseed comparing the results

reported in different studies, since these studies employ

different extraction conditions, such as temperature, time,

pH, and particle size [36].

To the best of our knowledge, there are no reports about

the aqueous enzymatic extraction of oil from pomegranate

seeds. Generally, the use of pectinases and cellulases has

been reported to improve the yield of aqueous extractions.

The aim of this study is to investigate the effect of various

operational parameters on extraction yield of pomegranate

seed oil, when cell-wall degrading enzymes (cellulase and

pectinase) are added to aqueous extraction media. The

conventional one-factor-at-a-time approach for an extrac-

tion optimization is time consuming and may ignore the

interactions among various factors. In addition, evaluation

of possible interaction effects arising between factors is

difficult and misleading inferences may occur. Response

surface methodology enables evaluation of several process

parameters such as time, temperature, enzyme type, and

concentration.

In addition, in recent years, ultrasound-assisted extrac-

tion of compounds has been widely applied. Ultrasound is

transmitted through a medium as a pressure wave and

causes an excitation in the form of enhanced molecular

motion. According to Vilkhu et al. [37], the ultrasonically

induced cavitation increases the permeability of the plant

tissues. Microfractures and disruption of cell walls provide

more evidence for the mechanical effects of ultrasound,

thus, facilitating the release of their contents. According to

our knowledge, only a few studies related to combined use

of enzymes and ultrasonication have been reported until

now [36–40]. Thus, another objective of the present work

is to study the enhancement of aqueous enzymatic extrac-

tion of pomegranate seed oil by ultrasound treatment.

Materials and Methods

Pomegranate Seeds

Fresh, good quality pomegranates (Wonderful variety)

procured from the local market were used. Pomegranate

seeds were separated from the juice and washed. The seeds

were dried at 60 �C for 48 h and kept at -30 �C until use.

The seeds were ground in a laboratory mill (Type A10,

Janke and Kunkel, IKA Labortechnik, Germany) prior to

extraction. The seeds contained lipids, protein, crude fibers,

pectin, sugars, and ash representing 27.2, 13.2, 35.3, 6.0,

4.7, and 2.0 %, respectively (on dry wt basis). The particle

size distribution of the milled seeds showed a bimodal

distribution, due to the two main anatomical parts (germ,

seed coat) of the seeds. The small size (*0.32 mm) may

be associated with seed coats, whereas the size of about

0.58 mm could be attributed to aggregated germ particles

[15].

Enzymes

Cellulase, produced from Trichoderma reesei, was pur-

chased from Sigma-Aldrich. The declared activity was 700

EGU/g (EGU, endoglucanase units). Peclyve V, a pecti-

nase enzyme preparation that is concentrated in b-glu-

cosidasic activities, was also bought from Lyven.
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Soxhlet Extraction

10 g of ground pomegranate seeds were extracted with

100 mL of n-hexane in a Soxhlet extractor for 6 h, as

described in the Soxhlet standard extraction method

(AOAC, 1997). The n-hexane was removed at 50 �C under

reduced pressure using a rotary evaporator and the oil was

dried at 105 �C to a constant mass. This method gave

18.94 ± 0.59 g of oil per 100 g of seeds, which was set as

100 % oil recovery for comparison.

Aqueous Enzymatic Extraction

The milled seeds were commixed with distilled water at a

designed ratio. The enzyme was added and the mixture was

incubated using a magnetic stirrer Gallenhamp (model

SWT-500-010L, England) at a specific temperature. The

pH was adjusted to 5.0 with citric acid. The extraction

process was performed under a range of conditions

according to the experimental design. Following the incu-

bation, the suspension was centrifuged at 6000 g for

20 min in a Karl Kolb (Labofuge III, Frankfurt, Germany)

centrifuge. The layers of free oil and emulsion phase were

collected separately. The oil was withdrawn using a

micropipette and the emulsion was further centrifuged to

obtain any residual oil. The oils were combined, weighed

and the extraction yield, Y, was expressed as percent ratio

(g oil/100 g dry seeds). In addition, Soxhlet extraction was

used as the control method to determine the recovery

obtained in the aqueous enzymatic extraction of the oil.

The seeds slurry was treated with two different

enzymes—cellulase and Peclyve V. The extraction tem-

perature (T), the extraction time (t), the enzyme concen-

tration (EC), and the water/seeds ratio (L/S) were varied

between 35 and 55 �C, 2 and 8 h, 2 and 4 % w/w, and 2/1

and 6/1 mL/g, respectively.

The factors were optimized using response surface

methodology. A four-factor, five-level central composite

rotatable design 24 ? star was used to determine the

optimum levels of these variables. This central composite

design consisted of three groups of design points, including

two-level factorial design points, axial or star points, and

center points. Therefore, four selected independent vari-

ables (extraction temperature (X1), extraction time (X2),

enzyme concentration (X3), water/seeds ratio (X4)) were

studied at five different levels coded as -a, -1, 0, 1, and

?a. The value for alpha (2.0) was chosen to fulfill the

rotatability in the design. The actual level of each factor

was calculated by Eq. (1). According to the central com-

posite design matrix, a total of 31 experiments, including

16 factorial points, 8 axial points, and 7 center points for

estimation of the pure error sum of squares, were required.

Coded value ¼ actual level � high level þ low levelð Þ=2

high level � low levelð Þ=2
:

ð1Þ

Ultrasound-Assisted Enzymatic Extraction

The extraction of pomegranate seed oil by enzymatic

hydrolysis and simultaneous ultrasound treatment was

carried out following the same conditions as for the

enzymatic digestion. Ultrasonic irradiation was applied

with a 130 W, 20 kHz VCX-130 Sonics and Materials

(Danbury, CT, USA) sonicator equipped with a Ti–Al–V

probe (13 mm). The pulse duration and pulse interval refer

to ‘‘on’’ time and ‘‘off’’ time of the sonicator. The ampli-

tude control of the processor allowed the ultrasonic

vibrations at the probe to be set at any desired level in the

10–100 % range of the nominal power.

The milled seeds were commixed with distilled water at

the optimum ratio in a 250-mL beaker and the appropriate

enzyme was added to the suspension at the optimum con-

centration. The probe submerged about 4 cm under the

surface of the mixture. During the extraction process, the

sample container was held in a thermostat-controlled water

bath and two T-type thermocouples were immersed into the

extraction solution. The temperature was kept constant by

adding ice to the water in the bath throughout the

experiment.

The extraction process was performed under the opti-

mum values of the investigated factors (enzyme type,

enzyme concentration, extraction temperature, water/seeds

ratio) at an amplitude level of 40 % and a pulse duration/

pulse interval ratio of 7/6 [41]. The extracts were collected

at 3, 5, 10, 20, 30, 40, 50, and 60 min and treated as in the

enzymatic extraction.

Statistical Analyses

A joint statistical analysis of the two sets of experiments—

(1) with cellulase (31 experiments) and (2) with Peclyve V

(31 experiments)—was carried out to examine the effect of

the enzyme type on the extraction [42]. In order to perform

a joint statistical analysis of both experiments, a ‘‘dummy’’

factor was introduced. The dummy factor could assume

two different levels: 1, for cellulase; and 2, for Peclyve V.

To determine the effect of a particular factor x (Ex),

Eq. (2) was applied.

Ex ¼
P

x þð Þ �
P

x �ð Þ
n=2

: ð2Þ

where
P

x þð Þ is the sum of the factors at their highest

level (?1),
P

x �ð Þ is the sum of the factors at their lowest

level (-1), and n/2 is half of the number of measurements
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used in the calculation. Interactions between factors were

also evaluated. To estimate an interaction between two

factors, one has to estimate the effect of the first at the

lowest level of the second, subtracting it from the effect of

the first one at the highest level of the second one. To

identify the significance of the effects and interactions

between them, analysis of variance (ANOVA) was per-

formed for each parameter. A p value less than 0.05 was

considered to be statistically significant. MinitabTM v 13.32

software (Minitab Inc., Pennsylvania, USA) was used for

analysis of the obtained experimental data.

The response (extraction yield) was modeled through

the full second-order polynomial equation. The goodness

of fit of the model was also evaluated by the analysis of

variance and the graph of residuals, where the residuals are

the differences between the values predicted by the models

and the observed (experimental) values.

Scanning Electron Micrographs (SEM)

A Quanta-200 environmental scanning electron microscope

system (FEI Company, USA) was used to study the

structural changes in pomegranate seeds texture after the

extraction process. The samples were fixed on a specimen

holder with an aluminum tape and sputtered with a thin

layer of gold prior to examination under high vacuum

condition at an accelerating voltage of 12.5 kV at

1000 9 magnification level.

Results and Discussion

Effect of Process Parameters on Extraction Yield

The highest yields obtained depending on the applied

enzyme were 8.30 and 13.17 g oil/100 g of dry seeds using

cellulase and Peclyve, respectively (Fig. 1). Soxhlet

extraction was used as the control method to determine the

recovery. Thus, the obtained recoveries were about 43.8

and 69.5 %, respectively. The higher yield obtained with

Peclyve as compared to cellulase may be attributed to the

fact that pectic substances are the prevalent cell-wall

polysaccharides in pomegranate seeds [4]. Additionally,

Peclyve contains partial cellulase and hemicellulase

activities. A similar observation was reported by Zhang

et al. [43] in the extraction of rapeseed oil. In this case, the

application of pectolytic enzyme prior to pressing led to

higher rapeseed oil yield (16.5 %) as compared to cellu-

lolytic enzyme (15.5 %). According to Yusoff et al. [44], it

is not possible to decide whether it is better to use enzymes

individually or in combination. The optimum enzyme

depends on the location of the oil within the cellular matrix

and the nature of the components surrounding the oil and

acting as a barrier against its release.

Figure 2 presents the effect of extraction temperature

(T), extraction time (t), liquid/solid ratio (L/S), and enzyme

concentration (EC) on extraction yield (Y) using cellulase

and Peclyve, respectively. As far as the temperature is

concerned, in general, the optimum temperature range for

enzymatic extraction varies between 40 and 55 �C and

researchers usually use the lowest possible temperature

yielding adequate activity [26]. As it can be seen in Fig. 2,

the yield increased with the increase of temperature using

Peclyve. The same trend was observed with temperatures

up to 38 �C using cellulase. In this case, the increase of

temperature above the optimum temperature for enzymatic

activity (about 38 �C) led to a gradual decrease in yield,

due to the destruction of the tertiary structure. This

observation is similar to those reported by many

researchers, who concluded that oil yield increases up to

certain temperature only, followed by steady or decreased

rate afterwards [45]. According to Jiao et al. [35], at a fixed

enzyme concentration, oil yield increased with rising

temperature as the rate of enzyme-catalyzed reactions

increased with increasing temperature. However, at higher

temperatures (45–55 �C), the yield decreased significantly

as enzymes became denatured. Sharma et al. [21] and Gros

et al. [46], who extracted peanut and linseed oil, observed

highest oil yield at 40 and 34 �C, respectively.

In general, extraction yield enhances increasing extrac-

tion time (t). Oil extractability was markedly affected by

hydrolysis time during the first 6.5 h for cellulose and 3.5 h

for Peclyve V, thereafter reaching a plateau. An increase in

incubation time up to 8 h did not provide any significantly

higher oil yield, which may be due to the depletion of the
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Fig. 1 The highest yields obtained using cellulase and Peclyve

during the aqueous enzymatic extraction of oil from pomegranate

seeds
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substrates and/or product inhibition of enzymes. Contact

period between enzyme and substrate influences the extent

of the reaction as long as the enzyme is still active.

However, degradation of cell wall components can be

enhanced by prolonging the incubation time [44]. Time of

hydrolysis used in previous works varies from 10 min up

till 24 h; specifically 10 min [47], 1 h [48], 1.5 h [49], 2 h

[50], 3 h [51], 3.2 h [52], 18 h [53], and 24 h [54]. These

differences might be due to difference in other processing

parameters that directly influence time of hydrolysis [55].

Passos et al. [26] reported that the use of an enzyme

mixture for 120 h resulted in 3.8 % higher yield as com-

pared to 24 h of time. However, this time duration (120 h)

is far too long to be acceptable in practice. Heo et al. [56],

who studied the effect of time on degree of hydrolysis and

radical scavenging ability of cellulast hydrolyzates of E.

cava, found that both parameters increased sharply within

the first 2 min of and steadily increased until it reached the

peak at 12 h, followed by reduction afterwards.

Concentration of enzyme (EC) affects the rate of

hydrolysis and the extraction yield. Generally, the more

enzyme used, the faster the extraction and the higher the

yield (Fig. 2). A similar observation was reported by Sir-

wadhana et al. [57], who found that extraction yield

obtained from Hizikia fusiformis increased as enzyme

concentration increased to 5 %. Likewise, an increase in

concentration of enzymes reportedly increased the yield of

hydrolysates obtained from E. cava [37]. However, a high

Fig. 2 Main effects of

extraction temperature (T, �C),

extraction time (t, h), enzyme

concentration (EC, % w/w), and

liquid/solid ratio (L/S, mL/g) on

extraction yield (Y, g oil/100 g

dry seeds) for the two enzymes
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enzyme concentration also increases processing costs and

may result in bitterness and off flavors [30]. According to

Hammed et al. [55], the required amount of enzyme should

be used within the active phase of the particular enzyme in

order to achieve efficient hydrolysis of biopolymers

barriers.

As far as the water-to-seeds ratio (L/S) is concerned, the

extraction yield increased with increasing the ratio up to

values around 5 mL/g. This may be due to the fact that

thick suspensions prevent the effective penetration of the

enzymes. According to Yusoff et al. [44], the water in

aqueous enzymatic extraction not only serves as an

extraction medium, but also enters the oil-bearing material

and the resulting moisture content assists hydrolytic reac-

tion, diffusion, and mobility of the enzymes and products.

A similar observation was reported by Sineiro et al. [58],

who found that only certain areas in sunflower kernels were

degraded by enzymes at low moisture content. However,

solvent/solid ratios higher than 5 mL/g resulted in lower

yields, since the chance of an interaction between the

enzyme and substrate molecules is low in very dilute sus-

pensions [59]. Hammed et al. [55] also found that a ratio of

5 mL/g gives the highest yield of oil in aqueous enzymatic

extraction. According to Teixeira et al. [60], at high levels

of dilution (up to 4), the enzyme concentration had little

effect on the oil yield.

Optimization of Enzymatic Extraction

In order to determine the optimal levels of each variable for

maximum yield, three-dimensional response surface plots

were constructed by plotting the response on the Z-axis

against any two independent variables while maintaining

other variables at their optimal levels (Fig. 3).

The analysis of variance of oil extraction is given in

Table 1. 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

(R2 = 0.909) were satisfactory to validate the significance

of the model. The plot of actual and predicted values for oil

extraction yield also showed the consistency of the model.

Furthermore, results of the error analysis indicated that the

lack of fit was not significant with p-value of 0.074

([0.05). In addition, it was clear that errors were normally

distributed and insignificant from the normal (%) proba-

bility plot of the residuals. From Table 1, it was also seen

that the factor with the largest effect on the oil yield was

the interactions between enzyme concentration and water-

to-seeds ratio (p = 0.001) and extraction temperature and

enzyme type (p = 0.032).

A mathematical model was developed to describe the

relationship between operating variables and the response

variable Y. The regression coefficients were calculated and

the data was fitted to a second-order polynomial equation.

F values for all reduced second order polynomials and

linear models with an R2 C 0.70 were calculated to

determine if the models could be used in place of the full

second order polynomial to predict the response of the

extraction yield to the independent variables. The best

model was found the following:

For cellulase:

Y ¼ 19:75 � 1:096 � T þ 5:40 � L=Sþ 0:00854 � T2

þ 1:34 � EC2 � 0:220 � L=S2

þ 0:0656 � T � L=S� 1:98 � EC � L=S

ð3Þ

For Peclyve V:

Y ¼ 12:50 � 0:882 � T þ 5:40 � L=Sþ 0:00854 � T2

þ 1:34 � EC2 � 0:220 � L=S2

þ 0:0656 � T � L=S� 1:98 � EC � L=S

ð4Þ

The optimum operating conditions were found to be:

enzyme type, Peclyve V; extraction temperature (T),

55 �C; liquid/solid ratio (L/S), 6/1 mL/g; enzyme concen-

tration (EC), 2 % w/w; extraction time (t), 2 h. Under these

optimized conditions, the predicted value for extraction

yield was 15.87 g oil/100 g dry seeds, whereas the

observed experimental value was found

15.33 ± 0.78 g oil/100 g dry seeds, confirming the valid-

ity of the model.

Abbasi et al. [7, 18], Liu et al. [19], Eikani et al. [4],

Goula and Adamopoulos [17], Tian et al. [16], Kalamara

et al. [15] extracted pomegranate seed oil using different

extraction methods (Soxhlet, normal stirring, supercritical

fluid extraction, cold pressing, ultrasounds) (Fig. 4). The

optimum yield accomplished by aqueous enzymatic

extraction (15.33 g oil/100 g dry seeds at extraction time

of 2 h) was comparable to the yields obtained by other

extraction methods (4.29–25.11 g oil/100 g seeds) at sim-

ilar or longer extraction times (10 min–72 h) [4, 7, 15–19].

Soxhlet extraction was used as the control method to

determine the recovery obtained in the aqueous enzymatic

extraction of the oil. Thus, the optimum oil recovery was

about 81 %, a value similar to that obtained by other

researchers. Bocevska et al. [61] evaluated a group of

commercial enzymes for aqueous extraction of corn germ

oil and concluded that cellulase from Trichoderma reesei

was most effective; it released 84.7 % of the total oil.

Zhang et al. [59] reported recovery values of 73–76 % for

the extraction of rapeseed oil using pectinase, cellulase,

and b-glucanase, whereas a maximum of 77.8 % oil

recovery was achieved extracting oil from Iranian wild

almond using protease and cellulase [62].
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However, the main advantage of the aqueous enzy-

matic extraction technologies is the devoid of harmful

chemicals. In addition, aqueous processes can potentially

be more cost effective since cost relating to solvent

recovery, process safety, and solvent loss control systems

will be much lower. The effect of enzymes on the eco-

nomics of the aqueous process will depend on the balance

of costs and benefits resulting. According to Rosenthal

et al. [20], the economic comparison between aqueous

processes with conventional solvent-based extractions

depends on details relating to the aqueous processes such

as the separation method and water and enzyme recycle.

In addition, it is now well established that aqueous

enzymatic extraction of oil results in oil with better

qualitative characteristics (higher contents of phenolics,

tocopherols, trans-2-hexanal and other volatile aromatics,

enhanced oxidative stability, lower turbidity values, and

higher ratios of 1, 2 diglycerides/l, 3 diglycerides, cam-

pesteroll stigmasterol and trans-2-hexanal/total aroma)

[63].

Fig. 3 Response surface plots presenting effects of extraction temperature (T, �C), extraction time (t, h), enzyme concentration (EC, % w/w),

and liquid/solid ratio (L/S, mL/g) on extraction yield (Y, g oil/100 g dry seeds) for the two enzymes

Table 1 Estimated regression

coefficients of extraction yield

during aqueous enzymatic

extraction of oil from

pomegranate seeds

Variable Coefficient p-value Variable Coefficient p-value

Constant 21.842 0.509 T 9 t -0.045 0.262

T -1.351 0.155 T 9 EC 0.073 0.539

t 2.509 0.325 T 9 L/S 0.066 0.272

EC -0.720 0.931 T 9 Enzyme 0.214 0.032

L/S 5.075 0.194 t 9 EC -0.304 0.443

Enzyme -5.467 0.350 t 9 L/S 0.063 0.749

T 9 T 0.009 0.311 t 9 Enzyme -0.347 0.285

t 9 t 0.071 0.474 EC 9 L/S -2.040 0.001

EC 9 EC 1.224 0.172 EC 9 Enzyme -0.080 0.934

L/S 9 L/S -0.207 0.353 L/S 9 Enzyme 0.048 0.920

Enzyme 9 enzyme -0.189 0.252
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SEM Observation

Changes in pomegranate seeds texture before and after

extraction were investigated in order to examine the

mechanism for the aqueous enzymatic extraction of oil from

pomegranate seeds. As shown in Fig. 5a, before extraction,

the intact oil cells were presented on the surface of seed

tissues. According to Fig. 5b, after Soxhlet extraction, these

oil cells disappeared. However, the surface of seed tissues

was still smooth. In the case of aqueous enzymatic extrac-

tion, a partial destruction of seed tissues was observed using

cellulase (Fig. 5c), whereas after extraction with Peclyve V,

most cells were crimped and broken (Fig. 5d).

In Soxhlet extraction, the mass transfer was affected by

the chemical affinity between solvents and oils. In contrast,

aqueous enzymatic extraction of oils is based on the

insolubility of oils in water. Therefore, the destruction of

cell walls and oleosin-based membranes with the help of

hydrolytic enzymes was beneficial for releasing oils, which

were previously bound in the plant cell structure [35].

Combination of Enzymatic Extraction

with Ultrasounds Treatment

The extraction yield increased with ultrasonic time from 3

to 10 min, whereas the further increase of time (from 10 to

60 min) led to a decrease in yield (Fig. 6). Thus, the effi-

cient extraction time for achieving maximum yield of

pomegranate seed oil was about 10 min. This can be

attributed to the fact that extraction presents two stages; the

first stage, which involves the penetration of the solvent

into the cellular structure, whereas the second one involves

the external diffusion of oil and its transfer from the

solution in contact with the particles to the bulk of the

solution [64]. The ultrasonic waves increases the mass

transfer rate mainly in the first stage [42], whereas during

the second stage, impurities suspended in the extract are

absorbed into the ruptured tissue particles lowering the

solvent’s permeability into cell structures [16, 19, 65].

The combined use of enzymes and ultrasonication had a

maximum yield of 18.15 g oil/100 g of dry seeds or 95.8 %

oil recovery at extraction time of 10 min using as enzyme

Peclyve V at extraction temperature of 55 �C, liquid/solid

ratio of 6/1 mL/g, and enzyme concentration of 2 % w/w.

Thus, the extraction of pomegranate seed oil by enzymatic

hydrolysis and simultaneous ultrasound treatment increased

extraction yield by 18.4 %, but mainly shortened the treat-

ment time by 91.7 %, as it can be seen in Fig. 4. Only 10 min

in water (a green environmental solvent) are needed to recover

oil from pomegranate seed with yields similar or higher than

those of the conventional extraction procedures. This obser-

vation is similar to that obtained by Siwek et al. [40], who
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studied the enzymatic extraction of selenium organic com-

pounds from Antarctic krill by ultrasound treatment, and

reported that the particle size reduction achieved by the

enzymatic extraction becomes more obvious when a

combined treatment with enzyme and ultrasounds is applied.

According to the researchers, this could be partly due to the

mixing, but does not definitely exclude direct effect of ultra-

sounds on the enzyme–substrate interaction and on the

intrinsic rate constants of the biocatalytic reaction. However,

in this work the percentage of yield enhancement was lower.

This mild effect could be linked to the level of ultrasonic

power applied, since these authors carried out the experiments

in an ultrasonic bath, which actually supplies lower ultrasonic

intensities than probe systems like the one used in the current

study. Capelo et al. [38] also described the dramatic activity

enhancement of two proteolytic enzymes when treated with an

ultrasonic probe and their application to total Se determination

and Se speciation in biological samples.

Conclusions

This work examined the feasibility of aqueous enzymatic

extraction as a potential extraction method for oil from a

pomegranate by-product; pomegranate seeds, which

Fig. 5 SEM of pomegranate seed samples: raw material (a), after Soxhlet extraction (b), after extraction with cellulase at the optimum operating

conditions (c), after extraction with Peclyve at the optimum operating conditions (d)

0

4

8

12

16

20

0 10 20 30 40 50 60

E
xt

ra
ct

io
n 

 y
ie

ld
 (g

 o
il/

10
0 

g 
dr

y 
se

ed
s)

Extraction time (min)

Fig. 6 Extraction yield of oil from pomegranate seeds as a function

of time combining enzymatic extraction at the optimum operating

conditions with ultrasounds treatment

Waste Biomass Valor (2018) 9:1–11 9

123



represent a low-cost source of valuable bioactive com-

pounds. The highest yield obtained in aqueous enzymatic

extraction (15.33 g oil/100 g dry seeds at 2 h or 81 % oil

recovery) was comparable to the yields obtained by other

extraction methods (4.29–25.11 g oil/100 g seeds) at sim-

ilar or longer extraction times (10 min–72 h). This higher

yield is of major interest from an industrial point of view

due to the use of non-organic solvents. Extraction yield

increased with an increase in temperature, time, enzyme

concentration, and water-to-seeds ratio up to values around

5 mL/g. The optimum levels of each variable were deter-

mined to be as follows: enzyme type, Peclyve V; extraction

temperature, 55 �C; liquid/solid ratio, 6/1 mL/g; enzyme

concentration, 2 % w/w; extraction time, 2 h.

In addition, the aqueous enzymatic extraction of

pomegranate seed oil was enhanced by ultrasound treat-

ment by 18.4 %, whereas the extraction time was shortened

by 91.7 %. It was found that only 10 min in water (a green

environmental solvent) are needed to recover oil from

pomegranate seed with a yield (18.15 g oil/100 g of dry

seeds or 95.8 % oil recovery) similar or higher than those

of the conventional extraction procedures. Thus, the com-

bination of the emerging technology of ultrasounds and the

use of enzymes for extraction purposes is an economical

alternative to traditional extraction methods according to

industry demands and a sustainable development.
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Enzyme-aided extraction of polyphenols from grape pomace.

Electron. J. Environ. Agric. Food Chem. 9, 696–705 (2010)

52. Yin, X.L., You, Q.H., Jiang, Z.H.: Optimization of enzyme

assisted extraction of polysaccharides from Tricholoma matsu-

take by response surface methodology. Carbohydr. Polym. 86,

1358–1364 (2011)

53. Fu, Y.-J., Liu, W., Zu, Y.-G., Tong, M.-H., Li, S.-M., Yan, M.-

M., Efferth, T., Luo, H.: Enzyme assisted extraction of luteolin

and apigenin from pigeonpea leaves. Food Chem. 111, 508–512

(2008)

54. Santala, O., Lehtinen, P., Nordlund, E., Suortti, T., Poutanen, K.:

Impact of water content on the solubilisation of arabinoxylan

during xylanase treatment of wheat bran. J. Cerealic. Sci. 54,

187–194 (2011)

55. Hammed, A.M., Jaswir, I., Amid, A., Alam, Z., Asiyanbi-H, T.T.,

Ramli, N.: Enzymatic hydrolysis of plants and algae for extrac-

tion of bioactive compounds. Food Rev. Int. 29, 352–370 (2013)

56. Heo, S.J., Lee, K.W., Song, C.B., Jeon, Y.J.: Antioxidant activity

of enzymatic extracts from brown seaweeds. Algae 18, 71–81

(2003)

57. Siriwardhana, N., Jeon, Y.-J., Kim, S.-H., Ha, J.-H., Heo, S.-J.,

Lee, K.-W.: Enzymatic hydrolysis for effective extraction of

antioxidative compounds from Hizikia fusiformis. Algae 19,

59–68 (2004)

58. Sineiro, J., Domı́nguez, H., Núñez, M.J., Lema, J.M.: Opti-
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