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Extraction of Total Phenolics of Sour
Cherry Pomace by High Pressure Solvent
and Subcritical Fluid and Determination of
the Antioxidant Activities of the Extracts

İncinur Hasbay Adil, M. Esra Yener, and Alev Bayındırlı

Department of Food Engineering, Middle East Technical University,

Ankara, Turkey

Abstract: High pressure liquid extraction (HPE) and subcritical fluid (CO2þ ethanol)

extraction (SCE) were used for the extraction of total phenolic compounds (TPC) from

sour cherry pomace. Antiradical efficiency (AE) of the extracts was also determined.

Ethanol was the solvent for HPE and co-solvent for SCE. Combinations of pressure

(50, 125, 200 MPa), temperature (20, 40, 608C), solid/solvent ratio (0.05, 0.15,

0.25 g/ml) and extraction time (10, 25, 40 min) were variables for HPE according to

the Box-Behnken experimental design. The variables used for SCE were pressure

(20, 40, 60 MPa), temperature (40, 50, 608C), ethanol concentration (14, 17,

20 wt%) and extraction time (10, 25, 40 min). For HPE, TPC, and AE at the

optimum conditions (176–193 MPa, 608C, 0.06–0.07 g solid/ml solvent, 25 min)

were found as 3.80 mg gae/g sample and 22 mg DPPH†/g sample, respectively.

TPC and AE at the optimum conditions (54.8–59 MPa, 50.6–54.48C, 20 wt%

ethanol, 40 min) for SCE were determined as 0.60 mg gae/g sample and 2.30 mg

DPPH†/g sample for sour cherry pomace, respectively.
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idant activity, phenolic
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INTRODUCTION

Fruits and vegetables are the best carriers of vitamins and polyphenols.

Nowadays, their industrial wastes are attractive sources of natural antioxidants

(1–4). Until recent years, extraction of antioxidants have been done by simple

conventional solvent extraction (usually Soxhlet extraction) using several

solvents like ether, ethanol, ethyl acetate, acetone, and water (2, 5–10).

Pressurized liquid extraction is a method that uses organic solvents at

pressures up to 15 MPa and temperatures above the boiling point of solvent

for short periods of time with reduced solvent consumption (11). High

pressure increases contact between the extracting fluid and the sample,

allows disruption of the solute-matrix interaction, and provides a possibility

to remove air blocks in the material with an increase in the diffusion rates

(12, 13). In the study of Palma et al. (14), the stability of phenolic

compounds (p-coumaric acid, vanillin, veratric acid, protocatechuic

aldehyde, gentisic acid, caffeic acid, syringic aldehyde, catechin, and epicate-

chin) in the extraction with methanol at 10 MPa and different temperatures

(40–1508C) was tested by using a model system. After three 10 min cycles,

all the assayed phenolic compounds were stable under the extraction

conditions with the exception of catechin and epicatechin. Elevated tempera-

tures are reported to improve the efficiency of extraction due to enhanced

diffusion rate and solubility. However, elevated extraction temperatures

may simultaneously increase the rate of degradation. Conventional extraction

of anthocyanins is typically conducted at temperatures ranging from 20

to 508C. Besides acid concentration and temperature, additional factors

such as light, oxygen, metals, sugars, and their degradation products

have been shown to affect the stability and antioxidant capacity of antho-

cyanins (15).

Supercritical and/or subcritical extraction is an alternative extraction

method for the food industry due to the advantages such as non-toxicity and

easy removal of solvent. Moreover, the absence of air during extraction can

reduce the risk of degradation reactions that is possible during the extraction

of phenolic compounds. CO2 is generally the most desirable solvent for

extraction. Addition of organic co-solvents like ethanol and methanol

increases the polarity of CO2 and the yield of extraction of polar phenolic

compounds. When a co-solvent is added to CO2, the critical temperature of

the resulting mixture is increased while the critical pressure is decreased. If

the elevated temperatures are not preferred, the extraction is performed

under the critical temperature of the mixture that is called subcritical fluid

extraction. Supercritical and/or subcritical extraction with ethanol and

methanol as co-solvent have been used for extraction of phenolic

compounds from grape seeds (16, 17). The solubility of hydroxycinnamic

acids such as p-coumaric acid, caffeic acid, and ferrulic acid (18), quercetin

(19), catechin (20), epicathecin (21), and resveratrol (22) in supercritical

CO2 are available. Ethanol (5–30%) is the co-solvent used to increase the

İ. H. Adil et al.1092

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



solubility of polyphenols in CO2 except the phenolic acids. Therefore, the

extraction of phenolic compounds other than phenolic acids needs to be sub-

critical between 40–608C.
Total phenolics are concentrated in the skin of sour cherries (23). They

contain significant level of anthocyanins. The polyphenolic compounds:

5,7,40-trihydroxyflavanone, 5,7,40-trihydroxyisoflavone, chlorogenic acid,

5,7,30,40-tetrahydroxy-flavonol-3-rhamnoside, 5,7,40-trihydroxyflavonol 3-ruti-

noside, 5,7,40-trihydroxy-30methoxyflavonol-3-rutinoside, 5,7,40-trihydroxy-

isoflavone-7-glucoside, and 6,7-dimethoxy-5,8,40-trihydroxyflavone were

determined in sour cherries by NMR experiments. The antioxidant assays

revealed that 7-dimethoxy-5,8,40-trihydroxyflavone is the most active one,

followed by quercetin 3-rhamnoside, genistein, chlorogenic acid, naringenin,

and genistin (24). Wang et al. (25) found three novel compounds, 2-hydroxy-

3-(o-hydroxyphenyl) propanoic acid, 1-(30,40-dihydroxycinnamoyl)-cyclo-

penta-2,5–diol and 1-(30,40-dihydroxycinnamoyl)-cyclopenta-2,3-diol which

have strong antioxidant activity. The average total antioxidant concentration

in sour cherries obtained from different sources such as geographical location

or manufactures is 5.53 mmol/100 g fresh weight according to FRAP

(reduction of Feþ3 to Feþ2) assay (26). Blando et al. (27) reported that a rela-

tively high antioxidant capacity for the fruit extracts, measured as ORAC

assay, ranged from 1145 to 1916 mmol Trolox equivalent/100 g fresh weight.

The aim of this work is to extract phenolic compounds from the sour

cherry pomace by high pressure extraction (HPE) at temperatures lower

than the boiling point but pressures higher then used in pressurized liquid

extraction, subcritical fluid extraction (SCE) and solvent extraction (SE) by

considering the total amount of the extracted phenolic compounds and the

antioxidant activity and to optimize the extraction.

MATERIALS AND METHODS

The sour cherry pomace obtained from the fruit juice production pilot plant of

Ankara University, Food Engineering Department. After washing, removal of

stems, crashing, heating (85–908C) and pressing, the pomace in polyethylene

plastic bags was stored at2358C and freeze-dried at258C (Model FD8, Heto

Lab. Equipment, Allerød, Denmark). The moisture content of the dried

pomace was 14+ 0.75% (n ¼ 5). The dried samples were ground using

kitchen-type grinder (Moulinex, France). The average particle size of

samples was 0.638 mm by sieve analysis (Endecotts Ltd, London, England).

High Pressure Extraction (HPE)

HPE was performed in a designed and constructed lab-scale unit (capacity:

30 cm3). The rate of pressure increase and pressure release was approximately

TPC Extraction from Sour Cherry Pomace 1093
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5–10 s for the designed system. Water was used as pressure transmitting

medium. The equipment consists of a pressure chamber of cylindrical

design, two end closures, a means for restraining the end closures, a

pressure pump, and a hydraulic unit to generate high pressure for system com-

pression and also a temperature control device.

Fresh ethanol (99.8%, Riedel, Inc., Steinheim, Germany) was used as

solvent during batch extraction. For pressurization, the 3 ml vials were com-

pletely filled with solid and solvent at the solid/solvent ratio required

according to the experimental design by avoiding air bubbles as much as

possible. The experimental design was three level Box-Behnken design (28)

with four independent variables that were pressure (50, 125, and 200 MPa),

temperature (20, 40, and 608C), solid/solvent ratio (0.05, 0.15, and

0.25 g/ml) and extraction time (10, 25, and 40 min). The experimental

design points were given in Table 1.

Subcritical Fluid (CO2 1 Ethanol) Extraction (SCE)

Extractions were performed by a Supercritical Fluid Extraction System (SFX

System 5100, ISCO Inc., Lincoln, NE, USA), which consists of an extractor

(SFX 3560) and two syringe pumps (Model 100DX) that enables co-solvent

addition. 1 gram of sample was placed into 10 ml sample cartridge. Ethanol

and CO2 (99.9%; Bos, İstanbul, Turkey) mixture was used as a solvent for

the extractions. The variables were pressure (20, 40, and 60 MPa), tempera-

ture (40, 50, and 608C), the amount of ethanol in CO2 (14, 17, and 20 wt%)

and extraction time (10, 25, and 40 min). The Box-Behnken design was

given in Table 2. The solvent flow (2 g/min) was downward. The restrictor

temperature was 808C. All the extracts were collected in ethanol (3 ml).

Solvent Extraction (SE)

Ethanol and methanol (99.8%, Riedel, Inc., Steinheim, Germany) was used for

SE for comparison. Different mixtures with solid to solvent ratios 0.05, 0.1,

0.2, and 0.3 g/ml were prepared by adding 4 ml solvent on 0.2, 0.4, 0.8,

and 1.2 g sample, respectively. The most general methodology for extraction

of phenolic compounds for analysis involves the use of aqueous methanol for

16–24 h at room temperature (16, 29). The mixtures were kept at room temp-

erature in dark for 24 h.

Determination of Total Phenolic Content

Folin-Ciocalteumethod was used for the determination of TPC (30). The absor-

bance measurements were done at 740 nm (Pharmacia LKBNovaspec II model

İ. H. Adil et al.1094
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UV-spectrophotometer, UK). TPC was expressed as gallic acid equivalent

using the standard curve prepared at different concentrations of gallic acid

(98%, Acrös Organics, Belgium) and given as mg gallic acid equivalent

(gae)/g sample. The g sample refers to the grams of the freeze dried pomace.

Determination of Antioxidant Activity

Antioxidant activity of the extracts was determined by detecting the scaven-

ging of DPPH† (1,1-diphenyl-2-picrylhydrazyl, (Sigma, Germany)) radical

Table 1. Coded and uncoded levels of Box-Benken design and TPC and AE of the

extracts obtained by HPEa

Exp.

nob X1 (MPa) X2 (8C) X3 (g/ml) X4 (min)

TPC (mg

gae/g
sample)

AE (mg

DPPH†/
g sample)

1 þ1 (200) þ1 (60) 0 (0.15) 0 (25) 3.26 17.31

2 þ1 (200) 21 (20) 0 (0.15) 0 (25) 2.28 12.58

3 21 (50) þ1 (60) 0 (0.15) 0 (25) 2.66 14.67

4 21 (50) 21 (20) 0 (0.15) 0 (25) 2.22 13.77

5 0 (125) 0 (40) þ1 (0.25) þ1 (40) 3.01 10.10

6 0 (125) 0 (40) þ1 (0.25) 21 (10) 2.37 9.36

7 0 (125) 0 (40) 21 (0.05) þ1 (40) 2.82 19.23

8 0 (125) 0 (40) 21 (0.05) 21 (10) 2.62 15.87

9 0 (125) 0 (40) 0 (0.15) 0 (25) 2.70 14.67

10 þ1 (200) 0 (40) 0 (0.15) þ1 (40) 2.90 16.25

11 þ1 (200) 0 (40) 0 (0.15) 21 (10) 2.73 13.81

12 21 (50) 0 (40) 0 (0.15) þ1 (40) 2.44 14.80

13 21 (50) 0 (40) 0 (0.15) 21 (10) 2.36 11.91

14 0 (125) þ1 (60) þ1 (0.25) 0 (25) 2.71 12.13

15 0 (125) þ1 (60) 21 (0.05) 0 (25) 3.73 21.03

16 0 (125) 21 (20) þ1 (0.25) 0 (25) 2.11 9.80

17 0 (125) 21 (20) 21 (0.05) 0 (25) 1.84 15.82

18 0 (125) 0 (40) 0 (0.15) 0 (25) 2.79 13.70

19 þ1 (200) 0 (40) þ1 (0.25) 0 (25) 2.31 11.44

20 þ1 (200) 0 (40) 21 (0.05) 0 (25) 2.99 20.52

21 21 (50) 0 (40) þ1 (0.25) 0 (25) 2.25 11.83

22 21 (50) 0 (40) 21 (0.05) 0 (25) 2.38 19.08

23 0 (125) þ1 (60) 0 (0.15) þ1 (40) 3.32 16.43

24 0 (125) þ1 (60) 0 (0.15) 21 (10) 3.38 15.33

25 0 (125) 21 (20) 0 (0.15) þ1 (40) 2.55 15.03

26 0 (125) 21 (20) 0 (0.15) 21 (10) 1.79 9.84

27 0 (125) 0 (40) 0 (0.15) 0 (25) 2.74 14.63

aX1, X2, X3, and X4 represent coded levels of pressure, temperature, solid/solvent
ratio and extraction time, respectively. Variable uncoded levels are given in parenthesis.

bExperiments were performed in random order.
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(31, 32). Different amounts of extracts (0–0.2 ml) were placed in tubes

followed by evaporation of ethanol in the extracts in dark at room tempera-

ture. 0.1 ml of methanol was placed in the tubes. The tubes were mixed

properly to allow the antioxidants dissolve in methanol and 3.9 ml of

0.025 mg/ml DPPH† solution was added. After holding the tubes for one

hour in the dark at room temperature, the absorbance values were

measured at 515 nm (Pharmacia LKB Novaspec II model UV-spectropho-

tometer, UK) and converted to DPPH† concentration using the standard

Table 2. Coded and uncoded levels of Box-Benken design and TPC and AE of the

extracts obtained by SCEa

Exp. nob X1 (MPa) X2 (8C) X3 (wt%) X4 (min)

TPC (mg

gae/g
sample)

AE (mg

DPPH†/
g sample)

1 þ1 (60) þ1 (60) 0 (17) 0 (25) 0.300 1.038

2 þ1 (60) 21 (40) 0 (17) 0 (25) 0.324 1.149

3 21 (20) þ1 (60) 0 (17) 0 (25) 0.264 0.932

4 21 (20) 21 (40) 0 (17) 0 (25) 0.179 0.607

5 0 (40) 0 (50) þ1 (20) þ1 (40) 0.542 1.863

6 0 (40) 0 (50) þ1 (20) 21 (10) 0.298 1.010

7 0 (40) 0 (50) 21 (14) þ1 (40) 0.258 0.923

8 0 (40) 0 (50) 21 (14) 21 (10) 0.188 0.439

9 0 (40) 0 (50) 0 (17) 0 (25) 0.353 1.103

10 þ1 (60) 0 (50) 0 (17) þ1 (40) 0.396 1.613

11 þ1 (60) 0 (50) 0 (17) 21 (10) 0.139 0.502

12 21 (20) 0 (50) 0 (17) þ1 (40) 0.282 1.056

13 21 (20) 0 (50) 0 (17) 21 (10) 0.099 0.363

14 0 (40) þ1 (60) þ1 (20) 0 (25) 0.419 1.604

15 0 (40) þ1 (60) 21 (14) 0 (25) 0.256 0.909

16 0 (40) 21 (40) þ1 (20) 0 (25) 0.495 1.579

17 0 (40) 21 (40) 21 (14) 0 (25) 0.170 0.551

18 0 (40) 0 (50) 0 (17) 0 (25) 0.349 1.220

19 þ1 (60) 0 (50) þ1 (20) 0 (25) 0.503 2.000

20 þ1 (60) 0 (50) 21 (14) 0 (25) 0.228 0.860

21 21 (20) 0 (50) þ1 (20) 0 (25) 0.283 1.071

22 21 (50) 0 (50) 21 (14) 0 (25) 0.126 0.405

23 0 (40) þ1 (60) 0 (17) þ1 (40) 0.446 1.724

24 0 (40) þ1 (60) 0 (17) 21 (10) 0.150 0.541

25 0 (40) 21 (40) 0 (17) þ1 (40) 0.261 0.826

26 0 (40) 21 (40) 0 (17) 21 (10) 0.157 0.486

27 0 (40) 0 (50) 0 (17) 0 (25) 0.353 1.056

aX1, X2, X3, and X4 represent coded levels of pressure, temperature, ethanol amount

in CO2 and extraction time, respectively. Variable uncoded levels are given in

parenthesis.
bExperiments were performed in random order.
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curve prepared for each set of experiment. The percentage of remaining

DPPH† was calculated as

%DPPH†
rem ¼ ð½DPPH†�t=½DPPH

†�t¼ 0Þ � 100 ð1Þ

The percentage of the remaining DPPH† against the sample concentration was

then plotted to determine EC50 (efficient concentration of the sample to

decrease the initial DPPH† concentration by 50%). The antioxidant activity

was expressed in terms of antiradical efficiency (AE) which is defined as

AE ¼ 1/EC50 (33–36) and given as AE/g sample. The g sample refers to

the grams of the freeze dried pomace.

Data Analysis

Second-order polynomial equations were used to express the TPC (Y1, mg

gallic acid equivalent/g sample) and AE (Y2, mg DPPH†/g sample) of

extracts as follows:

Y ¼ a0 þ a1X1 þ a2X2 þ a3X3 þ a4X4 þ a11X
2
1 þ a22X

2
2 þ a33X

2
3

þ a44X
2
4 þ a12X1X2 þ a13X1X3 þ a14X1X4 þ a23X2X3

þ a24X2X4 þ a34X3X4

where X1, X2, X3, and X4 represent the codes of pressure, temperature, solid/
solvent ratio and time for HPE or the codes of pressure, temperature, ethanol

amount in CO2, and time for SCE, respectively. The coefficients of the

response functions and also the statistical significance of results were deter-

mined by using the package program MINITAB 13.20. Contour plots were

created using Surfer 6.01. Contour plots were superimposed to estimate the

optimum extraction conditions.

RESULTS AND DISCUSSION

High Pressure Extraction (HPE)

Ethanol was selected as the solvent due to its low toxicity considering the

possible future applications of the extracted phenolic compounds in food

products. Tables 1, 2, and 3 show the experimental data and the regression

coefficients obtained by fitting experimental data to the second order

response models for TPC and AE of the extracts obtained by HPE.

Figures 1 and 2 represent example response surfaces obtained for HPE. As

a result of the t-tests for p , 0.05, all independent variables were found to

have a significant effect on TPC and AE of the extracts. Alonso-Salcez

et al. (11) reported that the effect of pressure in the range of 6.9–10.3 MPa

TPC Extraction from Sour Cherry Pomace 1097
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was insignificant on the extraction of phenolic compounds from apple peel and

pulp at 408C for 5 min with a total volume of 25 ml of methanol for 1 g

sample. In our study, the effect of pressure (50–200 MPa) on TPC and AE

of the extracts was positive for all samples. Elevated pressures facilitate

solvent penetration through the interior of the sample matrix, therefore

increases mass transfer rate (13).

Generally, high temperature increases the solubility and diffusion coeffi-

cients of the compounds to be extracted (12) and decreases the viscosity of the

solvent, which facilitates its penetration through the solid matrix (37).

However, the temperature range to be studied should be selected carefully

so that the heat sensitive phenolic compounds should not be inactivated.

Therefore, high pressures than used in pressurized liquid extraction, were

applied during this study. The temperature range was selected as 20–608C
to prevent the loss of phenolic compounds at elevated temperatures. Ju and

Table 3. Second order response model constants and regression analysis for TPC and

AE of the extracts obtained by HPE

HPE SCE

Model

constantsa

TPC (mg

gae/g
sample)

AE (mg

DPPH†/
g sample)

TPC (mg

gae/g
sample)

AE (mg

DPPH†/g
sample)

a0 2.743�� 14.333�� 0.3517�� 1.1263��

a1 0.180�� 0.488� 0.0547�� 0.2273��

a2 0.523�� 1.672�� 0.0207� 0.1292��

a3 20.135�� 23.908�� 0.1095�� 0.4200��

a4 0.149�� 1.310�� 0.0962�� 0.3887��

a11 20.150 0.582 20.0673�� 20.1158

a22 20.017 0.053 20.0300 20.0720

a33 20.105 0.362 0.0131 0.0865

a44 0.038 20.669� 20.0556�� 20.1470�

a12 0.135 0.958� 20.0272 20.1090

a13 20.138 20.458 0.0295 0.1185

a14 0.023 20.113 0.0185 0.1045

a23 20.323�� 20.720� 20.0405� 20.0832

a24 20.205� 21.023�� 0.0480�� 0.2108��

a34 0.110 20.655 0.0435� 0.0922

R2 0.941 0.979 0.965 0.961

F 13.58 40.92 23.61 21.36

Sig F 0.000 0.000 0.000 0.000

Std. Error 0.165 0.674 0.03349 0.1348

ay ¼ a0þ a1X1þ a2X2þ a3X3þ a4X4þ a11X1
2
þ a22X2

2
þ a33X3

2
þ a44X4

2
þ a12X1

X2þ a13X1X3þ a14X1X4þ a23X2X3þ a24X2X4þ a34X3X4.
�Significant at p � 0.05.
��Significant at p � 0.01.
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Howard (15) used pressurized liquid extraction to extract anthocyanins from

the freeze-dried skin of a highly pigmented red wine grape with different

solvents. Optimum temperatures for the extraction of total anthocyanins

were determined as 80–1008C for acidified water and 608C for acidified

Figure 1. Response surface examples of TPC (mg gae/g sample) of the extracts from

sour cherry pomace obtained by HPE (a) X3 ¼ X4 ¼ 0, (b) X2 ¼ X4 ¼ 0, (c)

X2 ¼ X3 ¼ 0, (d) X1 ¼ X4 ¼ 0, (e) X1 ¼ X3 ¼ 0, (f) X1 ¼ X2 ¼ 0.

TPC Extraction from Sour Cherry Pomace 1099
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60% methanol. They showed that total anthocyanins were degraded at

temperatures greater than 1008C. On the other hand, Cacace and Mazza

(38), working on extraction on anthocyanins from milled berries in an

agitated vessel, found that there was a sharp decrease in the amount of

Figure 2. Response surface examples of AE (mg DPPH†/g sample) of the extracts

from sour cherry pomace obtained by HPE (a) X3 ¼ X4 ¼ 0, (b) X2 ¼ X4 ¼ 0, (c)

X2 ¼ X3 ¼ 0, (d) X1 ¼ X4 ¼ 0, (e) X1 ¼ X3 ¼ 0, (f) X1 ¼ X2 ¼ 0.
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anthocyanins extracted at temperatures higher than 458C for about

125–275 min. In the temperature range studied (6–748C), the maximum

anthocyanin extraction was obtained at 30–358C using ethanol as a solvent.

Alonso-Salcez et al. (11), indicated the inactivation of phenolic compounds

above 608C during the pressurized extraction of phenolic compounds from

apple peel and pulp with methanol.

Increasing solid/solvent ratio decreased the TPC and AE for all samples,

which may be due to the low concentration gradient at high solid/solvent
ratios. Cacace and Mazza (38), working on the mass transfer process during

the extraction of anthocyanins from milled berries, examined the effect of

solid/solvent ratio (0.0135–0.1667 g/ml) on the amount of anthocyanins

extracted at 408C with ethanol and found that the extraction yield was

higher at low solid/solvent ratios. Concentration gradient, i.e., the driving

force during mass transfer within the solid, was greater when a lower solid-

solvent ratio was used. Similar effects were seen by Rostagno et al. (39),

working on the extraction of isoflavones from soybeans by accelerated

solvent extractor. They found that the extraction efficiency of some isofla-

vones constantly increased with the reduction of the amount of sample from

0.5 to 0.05 g in a total volume of 22 ml in the continuous extraction system.

They also evaluated the stability of isoflavones from soybeans at elevated

temperatures at 10 MPa for 3 � 5 min cycles and their results showed that

1008C is the maximum temperature for extraction of isoflavones.

Superimposition of contour plots (not shown here) were done to

determine the optimum regions. The optimum extraction conditions were

presented in Table 4. Kim et al. (40) extracted phenolic compounds from

sweet and sour cherry by using homogenization and sonication with

methanol and found that the amount of phenolic compounds in different

sour cherry varieties range between 1.617–3.124 mg gae/g fresh weight. If

the result is converted to dry weight basis using the moisture content of

cherries as 81% (41), TPC for sour cherries is 8.51–16.44 mg gae/g dry

weight according to the findings of Kim et al. (40). Those results are

higher than our findings (3.8 mg gae/g sample) due to the sample difference

(fresh fruit and pomace).

Subcritical Fluid (CO21 Ethanol) Extraction (SCE)

The ethanol concentration range and the levels of the design variables were

decided by performing preliminary extractions at 60 MPa, 608C, using

2 g/min solvent flow rate for 30 minutes with 0–20 wt% ethanol in CO2.

At 608C by 0–10 wt% ethanol addition, supercritical CO2 extraction was

performed where TPC and AE of the extracts were low. TPC and AE of the

extracts increased about four-fold at higher ethanol concentrations, where

the extraction was subcritical. Therefore, it was decided that subcritical CO2

was advantageous than supercritical CO2 extraction. The extraction time was
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decided by performing extractions at 60 MPa, 608C, using 2 g/min solvent

flow rate for about 120 minutes. The maximum extraction time was selected

to be 40 minutes to assure that TPC of the extracts increase significantly

with extraction time at all extraction conditions.

Table 2 and 3 show the experimental data and the regression coefficients

obtained by fitting experimental data to the second order response models for

TPC and AE of the extracts obtained by SCE. t-tests for p , 0.05 show that

all independent variables were significant for the extraction. Figures 3 and 4

represent example response surfaces for the TPC and AE of the extracts

obtained from sour cherry pomace by SCE. The effect of pressure on TPC and

AE of the extracts was positive. This is mainly due to the increase in the

density of CO2, i.e., increase in the solvating power with increasing pressure

(12, 42). The effect of pressure was more significant at high ethanol concen-

tration. The same result was obtained by Cháfer et al. (21) who work on the solu-

bility of epicatechin in supercritical CO2þ ethanol at 408C and 8–14 MPa.

As the concentration of ethanol increased from 5 to 25%, a sharper increase in

solubilitywas observedwith an increase in pressure.Murga et al. (17) determined

the effect of pressure (10–50 MPa) on the solubility of some natural, low

molecular weight phenolic compounds in supercritical CO2 at 40–608C and

found that solubility increased with increasing pressure. Other researches on

the solubility of catechin (20), epicatechin (21), quercetin (19) and resveratrol

(22) in supercritical CO2þ ethanol at 408C and 8–14 MPa showed that

pressure had a positive effect on solubility of the phenolic compounds of interest.

Table 4. Optimum conditions for HPE and SCE

Factor Coded level Uncoded level

HPE

Pressure X1 : 0.68–0.90 176–193 MPa

Temperature X2 : 1 608C
Solid/solvent ratio X3 : 20.9– 20.78 0.06–0.07 g/ml

Time X4 : 0 25 min

Optimum responses

TPC (mg gae/g sample) : 3.80

AE (mg DPPH†/g sample) : 22.00

AE/TPC (mg DPPH†/mg gae) : 5.79

SCE

Pressure X1 : 0.74–0.95 54.8–59MPa

Temperature X2 : 0.06–0.44 50.6–54.48C
Ethanol concentration X3 : 1 20 wt%

Time (min) X4 : 1 40 min

Optimum responses

TPC (mg gae/g sample) : 0.60

AE (mg DPPH†/g sample) : 2.30

AE/TPC (mg DPPH†/mg gae) : 3.83
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Temperature also had a positive effect on TPC and AE of the extracts.

Generally, the effect of temperature is negative on the extraction of polyphe-

nols at low pressures (10–15 MPa) up to a certain value, beyond which the

effect of temperature becomes positive (17). The pressure value at which

Figure 3. Response surface examples of TPC (mg gae/g sample) of the extracts from

sour cherry pomace obtained by SCE (a) X3 ¼ X4 ¼ 0, (b) X2 ¼ X4 ¼ 0, (c)

X2 ¼ X3 ¼ 0, (d) X1 ¼ X4 ¼ 0, (e) X1 ¼ X3 ¼ 0, (f) X1 ¼ X2 ¼ 0.
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the effect of temperature on the solubility changes is called the cross-over

pressure (43). This cross-over pressure arises from the solubility being con-

trolled by a balance between the solvent density and the change in the

solute vapour pressure with increase in temperature (44). This phenomenon

Figure 4. Response surface examples of AE (mg DPPH†/g sample))of the extracts

from sour cherry pomace obtained by SCE (a) X3 ¼ X4 ¼ 0, (b) X2 ¼ X4 ¼ 0, (c)

X2 ¼ X3 ¼ 0, (d) X1 ¼ X4 ¼ 0, (e) X1 ¼ X3 ¼ 0, (f) X1 ¼ X2 ¼ 0.
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was not seen in this study because the extraction pressures were higher than

the possible cross-over pressure. Also, Palma and Taylor (16) observed an

increase in the recovery of phenolic compounds from grape seeds with near

critical CO2 with an increase in temperature from 35 to 558C with 10%

methanol and CO2 density of 0.95 g/ml.

Ethanol concentration in CO2 affected both responses positively as

expected since the polarity of CO2 increases as the ethanol concentration is

increased, which results with more hydrogen bonding and dipole-dipole inter-

actions, i.e., increased solubility of phenolic compounds. The effect of ethanol

concentration on the solubility of phenolic compounds depend on their

polarity. The solubility of catechin, epicatechin, quercetin, and resveratrol as a

function of ethanol concentration was studied previously (19–22). All

phenolic compounds showed different solubility behaviors with respect to

ethanol concentration. For this study, the optimum extraction conditions were

presented in Table 4 according to superimposed contour plots (not shown here).

Comparison of HPE, SCE, and SE

TPC and AE of the extracts obtained by HPE and SCE at optimum conditions

were compared with those obtained by methanol and ethanol SE (Table 5).

Different mixtures with solid/solvent ratios 0.05, 0.1, 0.2, and 0.3 g/ml were

prepared which was in parallel with the solid/solvent ratios used in HPE

(0.05–0.25 g/ml). As expected, methanol was a better solvent for the

extraction of phenolic compounds which was in parallel with the findings in

the literature (3, 21, 45). A positive significant (p , 0.01) correlation

between TPC and AE of the extracts was found for SE with methanol and

ethanol. The correlations (r values) are 0.99 and 0.89 for SE extraction with

methanol and ethanol, respectively. Compared to SE, SCE was not so

efficient in the extraction of phenolic compounds from sour cherry pomace

Table 5. TPC and AE of the extracts obtained by SE

Extraction

method

Solid/solvent
ratio (g/ml)

TPC (mg

gae/g
sample)

AE (mg

DPPH†/
g sample)

AE/TPC (mg

DPPH†/mg

gae)

SE with

methanol

0.05 3.52 25.6 7.27

0.1 3.21 12.5 3.89

0.2 3.01 4.60 1.53

0.3 2.96 2.97 1.00

SE with

ethanol

0.05 2.92 24.8 8.49

0.1 2.62 12.1 4.62

0.2 2.50 4.50 1.80

0.3 2.06 2.87 1.39
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in spite of the increased polarity of CO2 with the addition of 20% (w/w)
ethanol. This result may be due to the selectivity of SCE according to the

polarity of phenolic compounds. There was a positive significant relationship

(p , 0.01) between TPC and AE of the extracts with high correlation (0.97)

for SCE.

HPE of phenolic compounds with ethanol at optimum conditions (solid/
solvent ratio: 0.06–0.07 g/ml) yielded much higher TPC (3.80 mg gae/g
sample) than that of SE with ethanol (2.92 and 2.62 mg gae/g sample for

solid to solvent ratios of 0.05 and 0.1 g/ml, respectively) and they are close to

those obtained by SE using methanol with a solid/solvent ratio of 0.05 g/ml.

Using ethanol as a solvent at high pressure enhanced extraction. The AE

value of the extract obtained by HPE at the optimum conditions was 22 mg

DPPH†/g sample. The AE values were found as 24.8 and 12.1 mg DPPH†/g
sample for SE with ethanol at a solid to solvent ratio of 0.05 and 0.1 g/ml,

respectively. Although high correlation was obtained for SE, a positive signifi-

cant (p , 0.01) correlation with a lower r value of 0.56 was obtained between

TPC and AE of the extracts for HPE. This might be due to the synergistic

effect among the free phenolic antioxidants or due to the contribution of non-

phenolic antioxidative compounds such as ascorbic acid. However, Gil at al.

(5) and Cevallos-Casals et al. (46) showed that phenolics in peaches were the

only compounds that correlated with antioxidant capacity when compared

with vitamin C and carotenoids. Ascorbic acid had only a minor contribution

to the antioxidants in fruits with the exception of citrus fruits and strawberry

and was destroyed during extraction under heat treatment (47). Ascorbic acid

is also slightly soluble in ethanol, therefore the interference from ascorbic

acid may be accepted as negligible. In addition, a statistically significant

decrease in ascorbic acid content was reported in freeze dried marionberry

and strawberry in the study of Asami et al. (48) related to extraction of

phenolic compounds by acetone, water and acetic acid (70:29:0.5 v/v).
Therefore, the total phenol concentration could be determined directly from

Folin assay that is widely used in the literature without ascorbic acid correction

as in the case of our study. George et al. (49) showed that ascorbic acid exhibited

a lower response than gallic acid (approx. 80% of the gallic acid absorbance at

the same concentration). On the contrary, carotenoids apperared to exhibit a

higher response value (app. 2–3 fold higher than that of gallic acid) that

resulted in overestimation of the phenolic content if the extract was rich in caro-

tenoids. But sour cherry is not a source of carotenoids and mainly contains

anthocyanins. In the literature, the Folin-Ciocalteu method is commonly

applied for the estimation of TPC by using a simple phenolic compound such

as gallic acid as a standard and the results are reported as standard equivalent.

As mentioned in the study of Box (50), the use of a simple component as a

standard only provides an approximation and the results will be an underestima-

tion due to presence of big phenolic compounds. The method can be applied to

monitor the variations in concentrations of phenolic compounds in extracts

rather than to determine absolute concentrations.
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Phenolics in fruits are in both soluble and bound forms. Bound ones are

mainly in the form of b-glycosides. In the literature there is a large

variation in free phenol content. Vinson et al. (47) reported that 53% of

total phenols were the bound ones for cherry with lower contribution to

Folin assay. Sun et al. (51) showed that phenolics in fruits were mainly in

soluble free form (92.3% for strawberry and 96.2% for cranberry). The

same authors also reported that ascorbic acid only contributed 0% and 3%

of the total antioxidant activity in cranberry (47 mg ascorbic acid/100 g

fruit) and strawberry (257 mg/100 g fruit) for which the ascorbic acid

content is higher than sour cherry (42 mg/g fruit). Another reason for the

lower correlation can be the synergism among the free phenolic antioxidants

in the extracts (47). The similar explanation was given for apple peel, flesh and

whole apple extracts with 80% methanol (52).

CONCLUSIONS

By using elevated pressures, the extraction of phenolic compounds from fruit

pomaces can be enhanced. HPE with ethanol gives recoveries higher than

those obtained by SE with the same solvent. The results are even comparable

with those obtained by SE with methanol. In the light of these findings,

HPE can be a useful alternative for SE in terms of high efficiency, reduced

extraction time and less amount of solvent. In comparison to ethanol

extracts, different solvents can be tested for HPE. According to the TPC

values, the extraction with carbon dioxide modified with ethanol gives a

much lower yield of phenolic compounds than the other examined extraction

methods. Further study will be the identification of the phenolic profile in the

extracts obtained.
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19. Cháfer, A., Fornari, T., Berna, A., and Stateva, R.P. (2004) Solubility of quercetin

in supercritical CO2þ ethanol as a modifier: Measurements and thermodynamic

modelling. J. Supercrit. Fluids, 32 (1–3): 89.
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