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Subcritical water extraction of phenolic compounds from grape pomace was performed. The combined
effects of extraction temperature (100, 120 and 140°C) and pressure (8 MPa, 11.5 MPa and 15 MPa) were
investigated using a 32 full factorial design and response surface methodology. Extractions with signif-
icantly higher polyphenols, flavonoids and antioxidant activity were achieved when using subcritical
water extraction compared to conventional methods. The optimum extraction conditions and the desir-
ability of model were at 140°C and 11.6 MPa (0.9550). At this operating condition, 31.69 mggag/gpp and
15.28 mgcg/gpp of total polyphenols and flavonoids were recovered, respectively. The extracts showed
antiradical power of 13.40 wgpppu/tlextract. Subcritical water extraction was more efficient than using
water and ethanol at atmospheric pressure for the extraction of these compounds.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Polyphenols are compounds with many bioactivities such
as antioxidant, neuro-sedative, anti-inflammatory, anti-viral and
anti-cancer [1,2]. Fruits and vegetables are rich resources of antioxi-
dants [3-7]. Valorization is the common method of using biomasses
as raw material or as an energy carrier. In this method, there is a
great emphasis on environmentally friendly processes to reduce
emissions and environmental impacts [7]. In particular, grapes as
one of the largest fruit’s crops are the major dietary source of phy-
tochemicals such as polyphenols which includes flavonoids and
anthocyanins [8]. Each year, wine making industry (WMI) produces
a substantial amount of grape by-products (pomace) including
skins and seeds. These wastes may have a significant environmental
impact due to high content of phenolic compounds and consider-
able chemical and biochemical oxygen demands (COD and BOD) [8].
The grape marc is mainly utilized by the distillery industry to pro-
duce alcohol and alcoholic drinks. The grape biomass is also used
for seed oil extraction, and production of animal feed, compost,
additives and natural color [9]. In addition, the grape biomass from
WMI is a rich source of valuable compounds such as antibacterials,
antifungals, antioxidants, phytopharmaceuticals, and nutraceutical
products [10-15]. These can be extracted to use in food, cosmetic
and pharmaceutical industries to enrich their final products[16,17].

Extraction is a critical step in isolation and recovery of high
added valued compounds, in particular phenolic compounds [8].
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Hydrodistillation or solvent extraction is the traditional extraction
method for recovery of phenolic compounds from vegetable
by-products [18]. These techniques are disadvantaged by the
consumption of organic solvents which leads to unfavorable
environmental impact. Alternatively, supercritical fluid (SCF), a
fluid at above critical temperature and pressure, is used for the
extraction of active compounds. Recent studies showed that in
industrial scale, supercritical fluid extraction is an efficient and
cost effective technique for recovery of phenolic compounds
from biomass [12,19-22]. Carbon dioxide is the most common
solvent for the supercritical fluid extraction process due to its
inert, non-flammable, and non-toxic properties. Supercritical CO5,
however, exhibits low dielectric constant, ranged from 1.1 to 1.5
[23]. Very high pressure is therefore, required to dissolve highly
polar compounds such as fatty acids, sterols, and terpenes in CO,
[24]. Addition of small quantity of a cosolvent such as water and
ethanol to supercritical CO,, and replacing this fluid with solvents
such as water and refrigerants are alternative approaches for
improving the efficiency of the process for the extraction of polar
compounds at lower pressures.

The dielectric constant of water at ambient conditions is 80,
however, it can be decreased to 56 and 27 (similar to organic
solvents) by increasing the pressure to 5MPa and temperature
to 100°C and 250°C, respectively [25]. Water is in subcritical
condition at temperatures less than 374°C and pressures below
22 MPa. Superior mass transfer properties of subcritical water lead
to high diffusivity and hence higher extraction efficiency. The
solubility and diffusivity of water at moderate pressure is, there-
fore, comparable with organic solvents. Unlike, organic solvents,
there is no environmental impact associated with water. Different
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nutraceutical substances were extracted from WMI biomass, using
subcritical water extraction technique [26-28].

Garcia-Marino et al. have used subcritical water for the extrac-
tion of catechins and proanthocyanidins from grape seeds [27].
In their study sequential extractions were performed and sub-
critical water was used at 10.3 MPa and within the temperature
range of 50-150°C. The recovery of catechin and epicatechin was
enhanced two-fold, compared to conventional methanol:water
(75:25) extraction using ultrasonic bath for 15min. Luque-
Rodriguez et al.[28] employed superheated ethanol-water mixture
for the extraction of anthocyanins and other phenolic compounds
from grape pomace. In this study, neutral ethanol:water and acid-
ified ethanol:water with 0.8% (v/v) HCI were used for extraction.
The yield of extraction was increased 7 and 12 fold by increasing
pressure and temperature from atmospheric conditions to 8 MPa
and 120 °C when using neutral and acidified solvents, respectively.
Monrad et al. [29] studied the effect of accelerated solvent extrac-
tion on recovery of anthocyanins from grape pomace at different
temperatures (40-140°C) and ethanol in water ratios (10-70%,
v/v). The results of this study showed that the optimum ranges for
temperature and ethanol concentration are 80-120°C and 50-70%
(v/v). It is concluded that despite lower extraction yield, running
cost of the extraction process can be substantially decreased by
using lower concentration of ethanol in hydroethanolic solvent.

The aim of this study was to investigate the feasibility of extract-
ing antioxidants (phenolic compounds including flavonoids) using
an environmentally friendly technique. Whole grape pomace was
used to establish a cost effective methodology for the extraction of
phenolic compounds.

2. Materials and methods
2.1. Samples and chemicals

Grape pomace (Croatina cultivar) was kindly provided by an Ital-
ian winery located in Tortona, Piemonte region. The grape pomace
was collected after vinification and dried for 24 h at 40°C, followed
by grinding for 20s to avoid heat generation and degradation of
polyphenols and stored in a sealed container at —20°C.

Analytical grades methanol, aluminium chloride, sodium nitrite,
sodium hydroxide and sodium carbonate, Folin—-Ciocalteu’s phenol
reagent (2 N), 2,2-diphenyl-1-picryl hydrazyl (DPPH°), gallic acid
and catechin were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Standard solutions of gallic acid and catechin were pre-
pared with methanol, wrapped in aluminium foil and stored at
—20°C until use. Silicon oil was used in the oil bath for controlling
the extraction temperature.
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2.2. Extraction

The schematic diagram of apparatus used for the extraction of
polyphenolic compounds using subcritical water is shown in Fig. 1.
In the extraction system, a syringe pump (ISCO, Model 500D) was
used for water delivery, pressurization and controlling the pressure
of system. An oil bath was used to control the extraction temper-
ature. A pressure transducer (Davidson, Druck) and thermocouple
(Caveland Electric) were installed in the custom made high pressure
vessel (100 ml volume) to monitor both pressure and temperature
of system. Extract was collected, using a cold trap (150 ml volume)
soaked inside an ice bath.

In each run pomace (2.00 + 0.24 g) was loaded in a filter paper to
avoid blockage of lines and also to facilitate its collection from the
system for gravimetric analysis. The filter paper was then loaded
into the high pressure vessel. The vessel was placed in the oil bath at
a predetermined temperature. The outlet valve of extraction vessel
was then closed and the system was pressurized to a desired pres-
sure at a constant flow rate. After this step vessel was isolated for a
period of 30 min (static extraction) followed by conducting the con-
tinuous mode of extraction for 100 min via opening both inlet and
outlet valves and running the pump at a constant pressure mode.
The water flow rate was adjusted at 1-2 ml/min using a metering
valve (Swagelok). The system was then depressurized, the water
solution and pomace were collected from the sampling and extrac-
tion vessels, respectively. The solution collected in sampling vessel
and pomace were then dried using freeze-drier for 72 h to calcu-
late the mass of extract. The extract was dried to calculate the yield
of extraction process. Previous studies show that the antioxidants
extracted in this study are stable at temperatures below 110°C [8].
Methods such as rotary evaporator, spray drying and freeze drying
can be used in this bench scale study for drying the sample; Freeze
drying was used to produce dry product in this study. The prelimi-
nary results showed that this method was efficient to remove 99%
of water after a period of 72 h and the relative standard deviation
for at least three runs was less than 5%. Lyophilized extracts were
dissolved in constant volume of methanol and filtered through
0.20 pm membranes (Sartorius Stedim Biotech GmbH, Goettingen,
Germany) and kept at 4 °C for further analysis.

2.3. Conventional extraction procedure

Polyphenols and flavonoids were conventionally extracted
using optimum conditions described elsewhere [8]. Briefly, 2 g of
pomace was dissolved in 10 ml of pure ethanol or milli-Q water
in test tubes with screw caps and placed on magnetic shaker (Hei-
dolph Mr. 2002, Kelheim, Germany). The extraction was taken place
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Fig. 1. Diagram of experimental setup of subcritical water extraction of phenolic compounds from grape pomace.
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for 19h at 25°C. The liquid was separated from solid by centrifu-
gation at 7500 rpm for 10 min (ALC PK131 Centrifuges, Alberta,
Canada). Theyield of this conventional method is used as the bench-
mark to evaluate the efficiency of subcritical water extraction.
Samples were kept at —20°C for further analysis. All experiments
were repeated at least three times.

2.4. Folin-Ciocalteu assay

The concentrations of total phenolic compounds (TP) were mea-
sured using Folin-Ciocalteu assay [30]. Briefly, 4.80 ml of milli-Q
water, 0.20 ml of extract, and 0.50 ml of Folin-Ciocalteu reagent
were mixed in a 25 ml volumetric flask. Subsequently, 1 ml of 20%
(w/w) sodium carbonate solution was added to the solution. The
final volume of solution was adjusted to 10 ml by addition of milli-
Q water and then kept in amber bottle to avoid degradation by
light exposure. Sample aliquots were used for the determination of
total polyphenols concentration, using a UV-vis spectrophotome-
ter (Cary, CO, USA) at a wavelength of 725 nm. The calibration line
for UV spectrophotometer was acquired using standard solution
of gallic acid with known concentrations, varied in the range of
0.01-1.00 mg/ml. A linear equation with R? of 0.9994 was estab-
lished and TP expressed as milligrams of gallic acid equivalents per
gram of dried pomace (mggag/gpp)-

2.5. Total flavonoids

The yield of total flavonoids (TF) extracted by subcritical water
was estimated using the colorimetric method developed by Yang
et al. [31] and expressed as milligrams of catechin equivalents per
gram of dried pomace (mgcg/gpp). Briefly, 0.25 ml of extract was
mixed with 1.25ml of milli-Q water and 0.075ml of 5% (w/w)
sodium nitrite solution. After 5min 0.15ml of 10% (w/w) alu-
minium chloride was added to the solution, followed by addition of
0.5ml of 1M sodium hydroxide. The final volume of solution was
increased to 3 ml, using milli-Q water. The UV spectrophotometer
was used at wavelength of 510 nm to measure the absorption of
total flavonoids. The calibration curve for this measurement was
established from standard solution of catechin with predefined
concentrations, varied in the range of 0.08-0.80 mg/ml.

2.6. Antiradical power of extracts

The antiradical power (ARP) of extracts was measured in terms
of hydrogen-donating or radical scavenging ability, using the
method developed by Brand-Williams et al. [32]. This method was
also used in previous studies [14,22,33-35]. Seven different con-
centrations of extract were dissolved in methanol. To measure the
absorbance with UV spectrophotometer, 0.10 ml of diluted extract
was mixed with 3.90 ml of 9.15 x 10~> M DPPH° methanolic solu-
tion and the ARP concentration was measured at 515 nm.

2.7. Quantitative analysis of color intensity

The color intensity was correlated to the amount of extracted
material and extraction conditions. All extracts were dissolved in
similar amount of methanol and image ] software was used to
determine the color intensity of solution [36]. The light intensity
was measured for at least 750 points and the average values were
reported to acquire statistically validated data for each sample.

2.8. Experimental design
Experimental design is broadly used for the optimization of pro-

cess variables in extraction and many other processes [2,37-40].
The response surface methodology (RSM) combined with a 32 full

factorial design was used to determine the optimum operating
conditions for the extraction of phenolic compounds from grape
pomace. A second order polynomial regression was used to assess
the correlation between the mass of extract (response factor) and
process variables, such as temperature and pressure (indepen-
dent variables). The temperature (X;) and pressure (X3 ) are critical
parameters, which affect the solubility of phenolic compounds in
subcritical water [7,39,41]. The effects of temperature and pres-
sure on dependent variables (i.e. TP, TF and ARP) were investigated
by changing each of them in three levels. The temperature was
varied between 100°C and 140°C to avoid oxidation of pheno-
lic compounds during the extraction at high temperatures [7,42].
The effect of pressure on the extraction was investigated by chang-
ing the pressure from 8 MPa to 15 MPa to achieve an economically
acceptable range below the critical pressure of water (Pc =22 MPa).

The “Statistica” (trial version 6.0, StatSoft, Tulsa, OK, USA) and
the “Design Expert” (trial version 6.0.10, Stat-Ease, Minneapolis,
MN, USA) were used to conduct the regression and the numerical
optimization analysis, respectively. The models of three responses
were presented in forms of actual variables. For the modeling pur-
poses, predefined ranges of dependent variables were considered,
regardless of their statistical significance.

3. Results and discussion
3.1. Experimental design

The content of total polyphenols (TP), total flavonoids (TF) and
antioxidant power (ARP) of extracts at different conditions are
shown in Table 1. The experimental results were then fitted into
the second-order polynomial equation (Eq. (1));

Y = Bo + BiX1 + BaXo + B11XE + P22 X3 + Br12Xi Xz (1)

where Yis the dependent variable (TP, TF, or ARP), 8 are the regres-
sion coefficients, and X1, and X, are the coded levels of temperature
and pressure, respectively. Three levels of variation for X; are 100 °C
(X1=-1),120°C (X; =0), and 140°C (X; =+1) and for X, are 8 MPa
(X2=-1),11.5MPa (X, =0), and 15MPa (X, =+1).

The regression coefficients for each three polynomial equa-
tion were calculated. The significance coefficients of models were
determined by analysis of variance (ANOVA) using the F-test and
p-value, shown in Table 2. The fitted quadratic models in terms of
actual variables are given in Egs. (2)-(4). In a model with signifi-
cant p-value (p<0.05), a high regression coefficient demonstrates
substantial effect of independent variables on the corresponding
responses [43]. The goodness of fittings for models was expressed
by coefficients of determination (R2).

TP = —57.8731 + 0.3565X; + 0.6304X; + 0.0014X?
—0.0013X2 — 0.0027X; X, 2)

TF = —70.3523 + 0.8277X; + 0.4836X, — 0.0022X?
—0.0013X3 — 0.0016X1X> (3)

ARP = 32.4736 — 0.6374X; + 0.0842X; + 0.0033X?
—0.0004X3 — 0.00002X;X; (4)

The coefficients of determination for these equations were close
to 1, underlining that only 1.3%, 1.9% and 5.4% of experimental
data were not predicted accurately for TP, TF and ARP, respectively.
The F-value shown in Table 2 suggests that independent variables
had paramount impacts on dependent variables. There was a lin-
ear correlation between TP (p = 0.0049), also ARP (p=0.00411) and
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Table 1
Experimental values and coded levels of the independent variables and the responses of the dependent variables utilized in the 32 full factorial design matrix and conventional
extraction procedure.

Extraction procedure Tests Independent variable Responses
X1 (°0) X;° (MPa) TP (mggcak/gop) TF (mgce/gop) ARP (pugppph/Mextract)
Subcritical water 1 100 (-1) 8(-1) 12.78 + 1.57 834 + 0.43 5.90 + 0.50
2 100 (-1) 11.5(0) 16.72 + 1.35 9.99 + 0.27 7.08 + 0.54
3 100(-1) 15 (+1) 16.46 + 1.23 10.02 £ 0.71 7.11 £ 0.62
4 120 (0) 8(-1) 20.15 + 1.54 12.29 + 0.58 9.10 + 0.74
5 120 (0) 11.5(0) 23.86 + 1.85 14.35 + 141 9.31 + 0.70
6 120 (0) 15 (+1) 23.15 £ 2.12 11.52 £ 0.63 731 £ 0.55
7 140 (+1) 8(-1) 32.49 + 2.63 15.11 + 1.34 12.58 + 1.10
8 140 (+1) 11.5(0) 30.80 + 3.38 15.28 + 1.02 12.87 + 1.25
9 140 (+1) 15 (+1) 28.50 + 1.50 12.33 £ 1.26 13.85 + 1.26
Conventional 10¢ 25 1 1.72 £ 0.05 1.25 £ 0.05 419 + 0.50
114 25 1 7.87 + 0.48 1449 + 2.17 22.57 +1.87

Values between brackets represent coded levels.
Values are means + s.d. of three replicate analyses.
2 Coded value of extraction temperature (T).
b Coded value of extraction pressure (P).
¢ Conventional extraction using water (19h, 0.2 gpp/ml).
d Conventional extraction using ethanol (19 h, 0.2 gpp/ml).

Table 2
Results of ANOVA for the concentrations of total polyphenols (TP), total flavonoids (TF) and the antioxidant power (ARP) of the extracts.
Response Source Sum of squares Degrees of freedom Mean square F-Value p-Value
TP (mgcak/gpp )? Model 371.48 5 74.30 46.04 0.0049
Residual 4.84 3 1.61
Total 376.32 8
TF (mgce/gpp)° Model 46.62 5 9.32 30.65 0.0089
Residual 0.91 3 0.30
Total 47.53 8
ARP (gppph [ Wlextract ) Model 65.49 5 13.10 10.40 0.0411
Residual 3.78 3 1.26
Total 69.27 8

2 The coefficient determination (R?) of the model was 0.9871.
b The coefficient determination (R?) of the model was 0.9808.
¢ The coefficient determination (R?) of the model was 0.9455.

temperature (X7 ). The effect of extraction pressure (X3), however,
was negligible (p>0.05). For TF, X1, X»2 and X; X, were significant
terms, p=0.0018, 0.0260 and 0.0272, respectively. These results
demonstrate that pressure had negligible effect on TP, TF, and ARP
(p<0.05).

3.2. Response surface analysis of total polyphenol (TP) yield

The results of response surface analysis for the effect of extrac-
tion temperature and pressure on TP yield are shown in Fig. 2. In this
study increasing extraction temperature from 100°C to 140°C at
8 MPa, significantly enhanced the yield of TP from 12.78 mggag/gpp
to 32.49 mggae/gpp. However, the pressure had negligible effect
on TP extraction in the range of 8-11.5MPa (p>0.05). The
TP extraction was slightly increased from 20.15mggag/gpp to
23.86 mggae/gpp When the pressure was increased from 8 to
11.5 MPa. TP extraction approached a plateau by further increasing
the pressure from 11.5 MPa to 15 MPa (TP extraction was changed
from 23.86 mggag/gpp t0 23.15 mgcag/gpp, respectively). This result
is in agreement with previous studies when subcritical water was
used for the extraction [44-48]. In the extraction of pomegranate
seed oil [44], essential oils from plants [45,46], phenolic acids from
black cohosh [47], and phenolic compounds from parsley [48],
temperature has more crucial effect on the extraction efficiency
compared to pressure. This behavior might be due to minimal effect
of pressure on the polarity of water (e.g. dielectric constant) at the
examined range [44]. However, the dielectric constant of water was Fig. 2. Response surface of total polyphenols concentration (TP) as simultaneous
considerably decreased by increasing the temperature. For exam- functions of extraction temperature (X;) and pressure (X») according to the 32 full-
ple when the temperature was increased from 80 to 220°C the factorial design.
dielectric constant of water was reduced from 61 to 31. At 220°C

TP (mggae9op)
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and 6 MPa, dielectric constant of water is close to methanol (¢ =33)
[24]. The solubility of phenolic compounds in subcritical water at
such temperature was similar to using organic solvents. Increasing
temperature could alsoraise the vapor pressure of a solute, promote
the mass transfer of phenolic compounds by enhancing the diffu-
sivity and decreasing the viscosity [49]. Therefore, temperature had
paramount effect on the yield of TP compared to pressure.

At 140°C and 8 MPa, the highest yield of TP (32.49 mgcag/gpp)
was achieved. This result was comparable to the yield of extraction
of TP when using acidic or organic solvents and showed a great
improvement compared to previous aqueous based extractions
[33,50]. For example, the yield of 1.53 mggag/100 gpp was achieved
using aqueous extraction from grape pomace recovered from
white vinification process [50]. A yield of 28 mggag/gpp Was
acquired using electrical assisted treatment for the extraction
from red grape pomace, recovered from French cultivar (Pinot
Meunier). Extraction of TP from Brazilian pomace by methanol
and 0.1% (v/v) HCl solution at 50 °C and for a period of 1 h resulted
in achieving TP yield within the range of 33.62 mggag/gpp and
74.75 mggae/gpp [33]. Besides, the extraction techniques used
in previous studies, other factors including, vinification process,
genetic and environmental characteristics of grape affect phenolic
composition of biomass and hence the final TP yield of extraction.
Therefore, it is important to consider other parameters that affect
the phenolic composition of biomass to have better comparison
over the efficiency of extraction techniques.

3.3. Response surface analysis of total flavonoids (TF)

Flavonoids represent a widespread and common group of aro-
matic compounds which play a significant physiological role on
the function of vegetation tissues [8,18,34]. They are direct UV
protectants, provide color to tissues and organs for attraction of
pollinators and seed-dispersal agents and also act as general antiox-
idants against reactive oxygen species [51]. In grape, flavonoids
are the major portion of soluble phenolics. The extraction of these
crucial bio-active compounds from winery by-products was inves-
tigated in this work.

The 3D response surface of TF contents as a function of extrac-
tion temperature and pressure is presented in Fig. 3. Regression
coefficient of X; (temperature) in Eq. (3) for TF was 0.8277 which
is significantly higher than 0.3565 acquired for TP. This result
demonstrated that the effect of temperature on the extraction of
TF was more paramount compared to TP. In the present study,
at 140°C, increasing extraction pressure to 15MPa resulted in
19.34% decrease of TF content. The highest amount of flavonoids
(15.28 mgcg/gpp) was obtained at 140 °Cand 11.5 MPa. Significantly
lower content of flavonoids (1.01 mgcg/gpp) Was recovered from
grape skins of Pinot Noir cultivar, using ethanol at atmosphere con-
ditions and 19 h of extraction time [18]. Ben Hamissa et al. reported
a direct correlation between the extraction temperature (varied in
the range of 25-150 °C) and the TF extraction from Agave americana
leaves, using agitated high pressure and high temperature reactor
and methanol as the solvent [6]. In this study after 15 min, the
yield of TF was increased from 1.33 mgquercetin equivalent/8Dry Biomass
to 2.60 MEquercetin equivalent/gDry Biomass and to
4.90 MZquercetin equivalent/8Dry Biomass DY raising the extraction tem-
perature from 25°C to 100°C (P=0.2 MPa) and 150°C (P=1 MPa),
respectively.

3.4. Response surface analysis of ARP

There was a direct correlation between the extraction tempera-
ture and antiradical power, shown in Fig. 4. The effect of extraction
pressure, however was not significant on the ARP. At 15MPa by
increasing temperature from 100 °C to 140 °C, the ARP was elevated

TF (mdce9oe)

Fig. 3. Response surface of total flavonoids concentration (TF) as simultaneous
functions of extraction temperature (X;) and pressure (X;) according to the 32
full-factorial design.

from 7.11 wgpppu/Mextract t0 13.85 wgpppH/Mlextract. The ARP was
significantly higher than the value acquired when using ethanol
and conventional method for 19 h to extract phenolic compounds
from grape skin of Pinot Noir cultivar (1.5 pgpppu/lextract) [18]-
This effect might be due to reducing the polarity of subcritical water
that allows acting as an organic solvent and dissolving less polar
compound, which possesses higher antioxidant activity.

A good linear correlation (R%=0.8334) was found between TP
contents and their ARP. However, a poor coefficient of determina-
tion (R? =0.6044) between TF content and ARP demonstrate that

ARP ("gDPP‘HJuLemd)

Fig. 4. Response surface of antiradical power of extracts (ARP) as simultaneous
functions of extraction temperature (X;) and pressure (X;) according to the 32
full-factorial design.
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Fig. 5. Color intensity of aqueous phenolic extracts of grape pomace extracted by
subcritical water as a function of extraction temperature and pressure measured
using Image ] software.

some non-flavonoid compounds with low antioxidant capacity
were extracted. This result is in agreement with several stud-
ies, underlining significant correlation between DPPH° scavenging
activity and the phenolic content of grape extracts from different
cultivars [8,18,52]. For example, Casazza et al. showed a signifi-
cant linear increase in the ARP when raising TP (R2=0.9287) and
TF (R% =0.7262) contents of extracts from grape skins of Pinot Noir
cultivar [18].These correlations were achieved when phenolic com-
pounds were recovered using ethanol for extraction and changing
the processing period from 9 h to 29 h and solid to liquid ratio from
0.1 EDry Biomass/ml to 0.3 EDry Biomass/ml-

3.5. The effect of extraction temperature and pressure on the
color intensity of extracts

It is common to use color intensity as a reliable data for deter-
mining the effect of extraction variables on phenolic compounds
extracted from biomass [21,53]. Color intensity of extracted com-
pounds produced at different temperatures and pressures is shown
in Fig. 5.

At 100°C and 8 MPa, a very light brown color of extract was
observed (color intensity of 48). As pressure was increased from
8 to 15 MPa, the color intensity was enhanced to 88. At high tem-
peratures (e.g. 120°C and 140 °C) color of extract was found to be
even darker than at lower extraction temperatures. At tempera-
tures higher than 100 °C, the effect of extraction pressure was not
correlated to color intensity of extracts. The highest color intensity
(120) was observed at 140 °Cand 15 MPa. The relationship between
color intensity of extract and the yield of phenolic compounds was
investigated to provide an insight for the observed trend. A poor
linear correlation, R? of 0.4402 and 0.4934, was found between the
color intensity of extract and the yield of TP and TF, respectively.
The color change in the extracts can be explained as the reduc-
tion in the sugar content of solution due to the Maillard reaction at
high temperature [54]. The results from the color intensity analy-
sis are in agreement with results from previous analysis conducted
by Singh et al. [21]. They reported that extraction temperature and
the color extracts are directly correlated in the extraction of phe-
nolic compounds from potato peel using subcritical water. They
observed that the color of phenolic extracts at pressure of 6 MPa
became darker as the yield of phenolic compounds was increased
from 22.56 mg/100 gpyy potato t0 81.83 mg/100 gpyy potato bY increas-
ing the temperature from 100°C to 180°C.

3.6. Comparison of subcritical water extraction (SWE) and
conventional extraction

Conventional extraction from the same biomass was conducted,
using ethanol and water as solvent. This part of the study was

conducted to compare SWE with conventional technique regard-
less of the effect of biomass used for the extraction. The results of
extraction when using ethanol and water are presented in Table 1.
The content of TF, TP and ARP of extracts from SWE were 12, 19, and
3 fold, respectively, higher compared to that of those using water
for extraction. This data corroborated that the subcritical water was
superior for the extraction of phenolic compounds. There was no
significant difference between the TF contents of extracts achieved
from SWE and ethanol extraction. Extracts with higher TP and lower
ARP were achieved when using SWE compared to ethanol extrac-
tion. In addition, the SWE processing time was remarkably shorter
(130 min) compared to using ethanol for extraction (19 h).

In SWE achieves comparable level of extraction compared to
conventional organic solvent extraction. It also eliminates the con-
sumption of organic solvent, hence the recovery of extract was from
aqueous system. SWE can, therefore, be considered as an alterna-
tive technique for the extraction of phenolic compounds.

3.7. Optimization

A numerical optimization was conducted to identify the overall
optimal conditions for subcritical water extraction of antioxidants
from grape pomace. The three responses (TP, TF and ARP) were
analyzed by allocating same weight (1) and the same importance
(+++) for each compound. In optimization process TP, as the major
contributor of antioxidants properties, was selected as a target
and the following constraints were imposed: 100°C <T<140°C,
8MPa<P<15MPa, 8.34mgcg/gpp <TF<15.28 mgcg/gpp and
5.90 pgpppH/Mlextract < ARP < 13.85 pgpppH/[Llextract. The predicted
optimum condition by model was at 140°C and 11.6 MPa, which
was close to 140°C and 11.5 MPa that was examined in this study.
At the optimum condition, extract consisted of 31.69 mggag/gpp TP,
15.28 mgce/gpp TF and 13.40 ugpppu/lextract ARP. The desirability
of model (0.9550) indicates that only 4.50% of responses were
beyond the acceptable region.

4. Conclusions

The results of this study demonstrate that subcritical water
extraction was efficient for the recovery of phenolic compounds
from grape pomace. Second-order polynomial equations were
developed to predict the effects of pressure and temperature on the
extraction of desired compounds within the range examined. The
optimum conditions for the extraction of antioxidants from grape
pomace were determined using numerical analytical method. Sub-
critical water extraction process was more efficient than using
organic solvent and aqueous based system at atmospheric pressure
for recovery of antioxidants. In this technique no organic solvent
is used, therefore, the product is free of residual solvent. Elimina-
tion of organic solvent is desirable for the production of organic
products of functional foods and nutraceuticals. Subcritical water
extraction technique therefore, can be considered as a cost effective
and benign process for the extraction of antioxidants from plants
and biomass. Further research in pilot plant scale is required prior
to scale up of this method.
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