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Subcritical solvent extraction (SSE) is an efficient and versatile technology for the recovery of bioactive com-
pounds from food by-products. The present work aims to study the SSE efficiency and kinetics for the extraction
of grape marc polyphenols. Water, ethanol, and a 50% water-ethanol mixture (EtOH 50%) were used as green
solvents. The higher polyphenol content (4.05 + 0.23 ggar/100 g4. m.) and antioxidant activity (42.30 + 0.68 mg
a-toc/TL) were obtained with subcritical EtOH 50% at 120 °C and 10.3 MPa, respectively, 1.5- and 3-fold higher

than the conventional extraction. According to kinetic modeling, SSE was four-fold faster and a degradation
phenomenon of polyphenols was highlighted for times longer than 10 min. The two-site kinetic model and a
second order exponential decay function suitably described the extraction kinetics and degradation phase,
respectively (R> > 0.97). A remarkable effect was highlighted on the polymerization degree and galloylation
percentage of proanthocyanidins by SSE, and an increase in their antioxidant activity was observed.

1. Introduction

The global food chain generates large amounts of by-products. The
primary production and processing stages account for approximately
14% of total food losses in the food production cycle (FAO, 2019). Most
of these biomasses are disposed in landfills, contributing to climate
change through green-house gas emissions, water, and soil contamina-
tion (Sharma et al., 2020). Several strategies have been proposed to
reduce their environmental impact and convert these biomasses into
valuable economic resources (Castro-Munoz et al., 2022; Gomez-Garcia
et al., 2021).

The extraction of valuable compounds with technological or
healthful properties from food by-products represents a pioneering so-
lution for reducing waste and generating new economic opportunities,
as well as supporting the creation of circular economies (Liu et al.,
2023). Several extraction methods are available and can be subdivided
into two categories: conventional and innovative techniques. The con-
ventional methods, such as Soxhlet, maceration, and hydro-distillation,
have been extensively studied (Bitwell et al., 2023; Kaleem and Ahmad,
2018). However, their effectiveness for getting pure compounds and
adding value to waste is quite limited due to the possible loss of multiple
thermolabile solutes, the use of harmful solvents, and the massive
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extraction waste generation (Bitwell et al., 2023). Moreover, the
resulting bioactive extracts may contain residues of toxic and nonedible
solvents, which makes the bioactive extracts incompatible for food and
pharmaceutical applications (More et al., 2022). Conventional methods
are considered time- and energy-consuming, and hence not economi-
cally viable (Rifna et al., 2023; Sagar et al., 2018).

Several innovative processes have been developed according to the
principles of the Green Chemistry, to increase process efficiency and
selectivity, to promote alternative and sustainable solvents, reduce en-
ergy consumption, and mitigate waste generation and contaminants
(Chemat et al., 2012). Compressed fluids-based extraction techniques,
specifically sub- and supercritical extraction methods, are among those
able to better overcome the aforementioned drawbacks. Moreover, they
may be upscaled and coupled to other techniques within a biorefinery
strategy (Gallego et al., 2019). Supercritical fluid extraction (SFE) has
undergone extensive studies and is generally perceived as a process with
supercritical carbon dioxide (SC-CO5) (Essien et al., 2020). SC-CO; is
limited by its low polarity, and it must be aided by a co-solvent in order
to extract more polar compounds. Subcritical solvents represent a
valuable alternative to the co-solvent addition of SC-CO,. The subcritical
state is achievable by increasing the temperature above the boiling point
and below the critical one. The pressure must be set to maintain the
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solvent in the liquid state. The increase in temperature and pressure
improves the extraction efficiency by several mechanisms, including
increased diffusion rates, solvent penetration, mass transfer, disruption
of solute-matrix interactions, and analytes solubilisation (Monrad et al.,
2010).

Extraction with subcritical fluids (SSE), also known as pressurized
liquid extraction (PLE) and hot-pressed extraction (HPE), allows the use
of a wide variety of solvents with different polarities, like water, ethanol,
methanol, hexane, ethyl acetate, and their mixtures. This gives a great
adaptability to SSE, which can be used to extract a great range of
compounds, from polar (e.g. polyphenols, carbohydrates, or proteins) to
mid/non-polar components (e.g. lipids and carotenoids) (Gallego et al.,
2019; Marcus, 2018). Moreover, the physical properties of subcritical
solvent (such as density, ionic product, dielectric constant) can be finely
modulated by varying temperature and pressure (Cocero et al., 2018).
Subcritical fluids are also considered sustainable reaction mediums,
promoting certain chemical reactions, such as hydrogenation, oxidation,
polymerization, depolymerization, carbonylation, hydrolysis and Mail-
lard reactions (Knez et al., 2018; Moller et al., 2011; Pavlovic et al.,
2013). As a result, the chemical composition of the extracts may be
affected (Basak and Annapure, 2022; Fan and Gao, 2022).

SSE has already been investigated for the extraction of different
classes of bioactive compounds, especially polyphenols, from several
agri-food by-products: defatted sesame seeds (Bodoira et al., 2017),
olive oil filter cake (Lozano-Sanchez et al., 2014), apple pomace
(Wijngaard and Brunton, 2009), citrus pomace (Cheigh et al., 2012; Kim
et al., 2009), pomegranate peels and seeds (Cam and Hisil, 2010; Garcia
etal., 2021), onion skins (Ko et al., 2011), mango peels (Garcia-Mendoza
et al., 2015), spent coffee ground (Xu et al., 2015), and grape marc
(Otero-Pareja et al., 2015; Pedras et al., 2017; Pereira et al., 2019; Todd
and Baroutian, 2017).

The grape marc is the most abundant solid by-product of the wine-
making process. It has been estimated that 20-25 kg of grape marc is
produced from 100 kg of grapes, and about 8-9 million tons of grape
marc are produced worldwide each year (Beres et al., 2017). Approxi-
mately, 70% of the phenolic content in grapes is retained in the grape
marc, making it a valuable resource of these bioactive compounds
(Gonzalez-Centeno et al., 2010).

In this study, three different green solvents at subcritical state were
considered for the extraction of polyphenols from defatted grape marc:
water, ethanol, and their mixture (50% v/v). A technological compari-
son between subcritical fluid extraction (SSE) and conventional solid-
liquid extraction (CSLE) were carried out both on the overall extrac-
tion curves (OECs) and the kinetic parameters obtained from the
mathematical modelling of the experimental data. The study also took
into account the chemical effects induced by subcritical conditions on
the polyphenol profile and certain analytical indices related to tannin
composition.

2. Material and methods
2.1. Chemicals

Analytical grade (purity >99%) ethanol, methanol, butan-1-ol, and
acetonitrile were purchased from Sigma Aldrich Co. (Milan, Italy).
Analytical grade chemicals, including Folin-Ciocalteau reagent, sodium
carbonate, sodium acetate, formic acid, hydrochloric acid, gallic acid,
ascorbic acid, phloroglucinol, 1,1-diphenyl-2-picrylhydrazyl radical
(DPPH), malvidin-3-glucoside, (+)-a-tocopherol, and (+)-catechin,
were purchased from Sigma Aldrich Co. (Milan, Italy).

2.2. Raw material
Grape marc from Pinot Gris grapes was collected during 2022 vin-

tage in the Friuli Venezia-Giulia region (Italy). The fresh grape marc was
air dried at room temperature until to reach the final moisture content of
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6.8 + 0.3 % (w/w). Subsequently, the dried grape marc was ground by a
domestic grinder, vacuum packed, and stored at refrigerated conditions
(+4 °Q).

2.3. Defatting of the grape marc

Prior to polyphenol extraction, the grape marc was defatted by su-
percritical carbon dioxide (SC-CO>) extraction at 280 bar, 45 °C, 10 kg/
h of CO;y flow, for 3 h (Da Porto and Natolino, 2017), using a SFE
pilot-plant (SCF100 serie 3 PLC-GR-DLMP, Separeco S. r.l, Pinerolo,
Italy) equipped with a 1 L extraction vessel (E1), two 0.3 L separators in
series (S1, S2), and a tank (B1) in which CO, was stored and recycled.

2.4. Conventional solid-liquid extraction (CSLE)

Conventional solid-liquid extraction was performed by mixing 5 g of
defatted grape marc with 50 mL of solvent. Three different green sol-
vents were considered: water (Hy0), ethanol (EtOH) and their 50%
mixture (EtOH 50%). The sample was continuously stirred at 40 °C for
different times (5, 10, 15, 30, 45, 60, and 90 min) to assess several data
points for the kinetic extraction curves. The samples were filtered
through acetate cellulose filter paper (0.65 pm), using a Buchner funnel,
and the liquid extract was recovered and stored at 4 °C. All extractions
were triplicated.

2.5. Subcritical solvent extraction (SSE)

The extractions were performed with an ASE 350 Accelerated Sol-
vent Extraction System (Thermo Scientific) equipped with 22 mL
stainless steel cells and 60 mL collection vials. The extraction vessels
were loaded with the dried and defatted grape marc (5.0 g), homoge-
neously mixed with glass balls (0.5 cm in diameter). A cellulose paper
filter (Dionex) was placed at the bottom of the ASE cell.

Extraction conditions were set to standard operating pressure 10.3
MPa (1500 psi), the flush volume was 60%, the purge time was set at 60
s, and the press solvent saver mode was selected. All the extractions were
performed at 120 °C and different times (1, 2, 3, 4, 5, 7, 10, 15, 30, 60,
and 90 min) were considered. The same green solvents of conventional
process were used: water (H,0), ethanol (EtOH) and their 50% mixture
(EtOH 50%). The liquid extracts were centrifugated (3000 rpm for 10
min) and stored at 4 °C. All extractions were triplicated.

2.6. Analytical determination

2.6.1. Total polyphenol content

Total polyphenols content (TPC) analysis was performed by a spec-
trophotometric method reported by (Nel, 2018), with slight modifica-
tions. The reaction mixture was prepared with 100 pL of extract, 500 pL
of the Folin-Ciocalteau reagent, 4 mL of Milli-Q water and 2 mL of 15%
(w/v) aqueous solution of NagCOs. The reaction mixture was vigorously
shaken and left in the dark for 2 h. Absorbance was determined at 750
nm using UV-vis spectrophotometer (Shimadzu UV-1650, Italy). TPC
quantification was performed using a calibration curve created with
standard solutions of gallic acid in the range of 50-500 ppm (R? = 0.99).
Then results were expressed as grams of equivalent gallic acid per 100 g
of dried matter (g GAE/100 g q.m.)-

2.6.2. Anthocyanin content

Anthocyanin content was determined mixing 1 mL of sample, 1 mL of
HCI/EtOH solution (0.1% v/v), and 20 mL of HCl/H5O solution (2% v/
v), as reported by (Nel, 2018). Subsequently, 2.5 mL of sample mixture
was added to 1 mL of deionized H20 and other 2.5 mL of sample mixture
with 1 mL of potassium bisulphite solution (20% w/v). After 15 min of
reaction time, the absorbance of each solution was measured at 520 nm
using a UV-Vis spectrophotometer (Shimadzu UV 1650, Milano, Italy),
using distilled water as a control. A calibration curve was prepared with
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different solutions of malvidin-3-glucoside as a standard (0-500 mg/L).
The results were expressed as milligrams of malvidin-3-glucoside
equivalent per 100 g of dried matter (mg/100 g 4.m.)-

2.6.3. Flavan-3-ols content

The flavan-3-ols content was determined according to the analytical
protocol proposed by (Waterhouse et al., 2016). The chromogen reagent
was prepared with 1 g of 4-(dimethylamino)-cinnamaldehyde (DAC)
dissolved in 250 mL of 37% HCI and 750 mL of methanol. Then, 1 mL of
diluted sample (1:25 v/v) was added to 5 mL of DAC solution. The
absorbance was read at 640 nm using a UV-Vis spectrophotometer
(Shimadzu UV 1650, Tokyo, Japan) against a blank prepared by
substituting the sample with 1 mL of water. A calibration curve was
prepared with several standard solutions of (+)-catechin in the con-
centration range of 0-50 mg/L. Results were expressed as grams of
(+)-catechin equivalents per 100 g of dried matter (g/100 g 4.m.)-

2.6.4. Condensed tannins content

As reported by (Comuzzo et al., 2020), two reaction mixtures were
prepared by mixing 2 mL of diluted sample and 6 mL of hydrochloric
acid-butanol solution. The reaction mixture was divided into two equal
volumes (4 mL): one of them was placed in a water bath at 100 °C for 20
min (A), the other at room temperature (B). After cooling, the absor-
bance of the two mixtures was measured at 550 nm using a UV-Vis
spectrophotometer (Shimadzu UV 1650, Tokyo, Japan). The concen-
tration of condensed tannins was then calculated using the following
equation:

TA = AAbSSSQ -DF- 0.1736

where TA is the concentration of tannins, expressed as grams per 100 g
of dried matter (g/100 g 4m.), AAbsssg is the absorbance difference
between mixture (A) and (B), and DF is the dilution factor.

2.6.5. Antioxidant activity

The antioxidant activity of the grape marc extracts was evaluated by
the total free radical scavenger capacity (RSC), defined as the difference
between the DPPH concentration before (Cpppn,;) and after reaction with
the sample (Cpppy,¢). The spectrophotometric methodology described by
Natolino and Da Porto (2020) was performed. Briefly, 10 pL of extract
was mixed with 1990 L of fresh methanol DPPH solution (93 pM). The
reaction mixture was vigorously shaken and left in the dark for 60 min.
Absorbance was measured at 515 nm using UV-vis spectrophotometer
(Shimadzu UV-1650, Italy). Antioxidant activity was quantified using a
calibration curve created with standard solutions of a-tocopherol in the
range of 5.8 x 107° - 2.3 x 1072 mol/L (R? = 0.98). The antioxidant
activity of the samples was expressed as grams of a-tocopherol per mL of
extract (g g-tocopherol/ML).

2.6.6. HPLC analysis of tannins

The extracts were centrifugated at 3000 rpm for 10 min and filtered
at 0.2 pm. Subsequently, 1 mL of filtered sample was evaporated and
redissolved in 1 mL of methanol (0.2 N HCI). A reaction mixture was
prepared adding 0.8 mL of methanolic solution with 0.1 mL of 0.2 N HCL
in methanol solution, containing 100 g/L phloroglucinol and 20 g/L
ascorbic acid. The phloroglucinol reaction was carried out in a water
bath at 50 °C for 20 min, and stopped by adding 1 mL of a 200 mM
sodium acetate solution.

HPLC analysis was performed on an LC-2010 AHT liquid chro-
matographic system (Shimadzu, Kyoto, Japan), equipped with an inte-
grated autosampler and UV-Vis detector. The samples (10 pL injection
volume) were injected on an Atlantis dC18 column (250 x 4.6 mm, 5 pm
packing). The elution conditions were as follows: 0.8 mL/min flow rate;
oven temperature, 30 °C; solvent A, water/formic acid (98:2, v/v), and
solvent B, acetonitrile/solvent A (80:20 v/v). Elution began with 0% B
for 5 min, linear gradient from 0 to 10% B in 30 min and gradient from
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10 to 20% in 35 min, followed by washing and re-equilibration of the
column.

As reported by Busse-Valverde et al. (2010), proanthocyanidin
cleavage products were estimated using their response factors relative to
(+£)-catechin, which was used as the quantitative standard. These ana-
lyses allowed determination of the total proanthocyanidin content, the
apparent mean degree of polymerization (mDP) and the percentage of
each constitutive unit. The mDP was calculated as the sum of all subunits
(flavan-3-ol monomer and phloroglucinol adducts, in moles) divided by
the sum of all flavan-3-ol monomers (in moles).

2.7. Kinetic modelling

The CSLE and SSE extraction kinetics of polyphenols from grape
marc were modelled using the so-called “two-site kinetic model” (Duba
et al., 2015). The model assumes that the extraction process consists of
two stages, washing and diffusion, and it is given by the following
equation:

Ci=Cy[1 — eI +Cy[1 — el Y]

where Ct is the extractable substances content at a specific time t (min),
Cw and Cq4 are the concentration of extractable substances recovered
during the washing and diffusion stage, respectively, and ky, and kq are
coefficient of extraction during the two process stages.

Previous studies indicated decreases in experimental results due to
thermal degradations of polyphenols contents (Petersson et al., 2010;
Shimanouchi et al., 2014). These degradations can be described by a
two-term exponential decay function (Erim Kose, 2022; Scrob et al.,
2022; Silva et al., 2023) as follows:

Ct — Cl ° e—klot + Cz ° e—kznt

where C; is the extractable substance content at a specific time t (min),
C; and C; are the constants of the two degradation phases, and k; and k»
are the degradation rates.

The values of the kinetic model parameters and graph plots were
calculated by Matlab R2023b (MathWorks, Inc., USA). The fitting
strategy was based on a robust least-squares method by minimizing the
least absolute residuals between predicted values and experimental
observations for each data point. The agreement between the experi-
mental and modelled values was assessed by means of correlation co-
efficients (R? and R_Zadj,): higher values indicate a better fit of the model
to the experimental values. The predicted R squared (R_zpred_) was also
calculate to estimate how the model predict responses for new
observations.

2.8. Statistical analysis

The triplicates of each experimental set were expressed by their
mean =+ standard deviation. Minitab 17 software (Minitab Inc., State
College, Pennsylvania, US) was used for statistical analysis by one-way
analysis of variance (ANOVA), with the level of significance set at p-
value <0.05. Tukey’s honest significant difference (HSD) multiple
comparison test was performed when ANOVA analysis revealed signif-
icant differences between groups (p-value <0.05). A Tukey’s post-doc
test was chosen to make every possible pairwise comparison, and the
level of significance was set at p-value <0.05.

3. Results and discussion
3.1. Extraction kinetics — TPC

The experimental and modelled extraction curves of total polyphenol
content by conventional (CSLE) and subcritical solvent extraction (SSE)

with water, ethanol, and their mixture (EtOH 50%) are shown in Fig. 1.
CSLE and SSE showed different extraction kinetics. CSLE commonly
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Fig. 1. Comparison between experimental (symbols) and modelled overall
extraction curves (OEGCs) of total polyphenol content (TPC) of extracts obtained
by CSLE and SSE from grape marc using water (a), ethanol (b), and their
mixture EtOH 50% (c) as solvent.

involves two sequential extraction steps. The initial period is controlled
by a desorption phenomenon of solutes at a higher rate, known as the
washing phase. The second step, known as the diffusion stage, shows
solute desorption at a lower rate due to the predominance of slow
diffusion mechanisms inside the porous solid matrix (Duba et al., 2015).

Two process stages can also be identified for SSE, but the overall
kinetic curves were different. After an initial and rapid extraction phase,
a decrease in polyphenol content was noticed at process times longer
than 10 min.
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3.1.1. Extraction phase

The use of subcritical solvents led to a significant increase in poly-
phenol content, as depicted by the OECs in Figs. 1 and 2. The SSE
allowed a mean 48% increase of TPC, compared to conventional
extraction. The highest TPC content was 4.05 + 0.23 g gag/100 g q.m.
with subcritical EtOH 50% at 100 bar, 120 °C, and 10 min of extraction.
The subcritical EtOH 50% led to 2.2-fold and 1.6-fold increase of TPC
compared to subcritical water or ethanol.

Polyphenols from grape by-products can be extracted more effec-
tively using solvent mixtures (Bosso et al., 2016; Makris et al., 2007;
Pinelo et al., 2005; Spigno et al., 2007) rather than a corresponding
mono-component solvent system. Several solvents have been mixed
with water in binary and ternary systems, but using ethanol is particu-
larly interesting due to its potential to improve the sustainability of the
extraction process. Ethanol can be obtained from the distillation of grape
marc, and it may be considered as another by-product of winemaking
(Makris et al., 2007).

A comparison of the extraction curves for SSE and CSLE (Figs. 1 and
2) also highlighted an increase in the slope of the initial linear part of the
SSE curves, indicating an increase in the solute extraction rates. The
maximum TPC contents can be achieved within 10 min of extraction
using subcritical solvents. The improvement in extraction efficiency may
be related to multiple effects. The increase in pressure and temperature
induces several changes in the solvent and matrix properties. The rise in
temperature reduces the viscosity of the solvent, thereby increasing its
diffusion capacity in the porous solid matrix (Alvarez-Rivera et al.,
2020). Moreover, temperature affects equilibria occurring at solid sur-
faces, in fact, it alters strong solute-matrix interactions due to van der
Waals forces, hydrogen bondings, and dipole attractions. Thermal en-
ergy can overcome cohesive (solute-solute) and adhesive (sol-
ute-matrix) interactions by decreasing the activation energy required
for desorption (Priego-Capote and Delgado De La Torre, 2013). On the
other hand, pressure can also affect the extraction mechanisms. High
pressures can enhance the extraction phenomenon by forcing the solvent
into matrix areas that would normally not be accessible under atmo-
spheric conditions (Mandal et al., 2015).

The TPC increase observed for SSE may also be due to the breaking of
lignin—phenols bonds or the breakdown of lignin itself, resulting in the
extraction of more phenolic compounds (Antony and Farid, 2022). The
bounded phenols, also known as Non-Extractable Polyphenols (NEPs),
remain insoluble in the conventional aqueous-organic solvents due to
the capacity of their hydroxyl functionalities to form polymers or to link
to macromolecules such as polysaccharides and proteins (Ding et al.,
2020).

Modelling of extraction curves is of paramount importance for the
process scaling-up. Several models can be adopted for solid-liquid
extraction, such as the Power Law model, Peleg’s model, Elovich’s
equation, Weibull equation, second order rate model, and others
(Natolino and Da Porto, 2020; Peixoto et al., 2023). Among them, the
two-site kinetic model is one of the most used, giving useful insights into
the solutes’ desorption mechanisms during two process stages.

The CSLE and the first part of the SSE curves, within 10 min, are well
described by the two-site kinetic model, as indicated by the values of the
correlation coefficients, R? (>0.9981) and R_zadj (>0.9978), in Table 1.
Furthermore, the model showed a good prediction level on new obser-
vations (R_Zpred > 0.9889). The kinetic parameters confirmed that the
ethanol-water mixture was the best solvent for polyphenol extraction, at
both conventional and subcritical conditions. The dissolution capacity of
the solvent depends on its dielectric constant (&), which affects its ca-
pacity to solubilize molecules with different degree of polarity. The bi-
nary 50% mixture ethanol/water have ¢ value (¢ = 52) intermediate
between those of the pure ethanol (¢ = 24.3) and water (¢ = 80.1),
expanding the range of extractable polyphenols and increasing the
extraction yield (Bosso et al., 2016).

The washing and diffusion extraction stages considered by the model
can also be identified for the SSE, despite the rapid TPC increase and the
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Table 1
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Kinetic parameters of the extraction and degradation phase of total polyphenols (TPC) from grape marc by conventional (CSLE) and subcritical solvent extraction (SSE)

with different solvents.

CSLE
H,0 EtOH
Extraction phas e Kinetic parameters
Cyw 0.8354 1.1411
Kw 0.2587 0.3018
Cq 0.4181 0.5821
kq 0.0458 0.0184
R? 0.9987 0.9996
R%adj. 0.9985 0.9995
R2-pred. 0.9983 0.9986
Degradation phase Kinetic parameters
Cy - -
ky - -
Cy - -
ko - -
R? - -
R%adj - -
R%pred - -

SSE
EtOH 50% H,0 EtOH EtOH 50%
2.1927 1.3878 2.2001 2.9644
0.3897 1.2222 1.3553 1.4124
0.5062 1.4997 2.4392 1.7624
0.0283 0.0321 0.0078 0.0120
0.9988 0.9981 0.9999 0.9989
0.9986 0.9978 0.9999 0.9987
0.9981 0.9889 0.9993 0.9984
- 1.6262 0.3864 5.4871
- —0.1608 —0.0660 —0.1432
- 1.5781 2.3392 2.9605
- —0.0056 —0.0001 —0.0021
- 0.9881 0.9980 0.9701
- 0.9524 0.9731 0.8805
- 0.9304 0.9682 0.8242

beginning of the decrease phenomenon after only 10 min. The two or-
ders of magnitude difference between the extraction constant rates (kyy,
and kq) confirmed that the solute mass transfer is faster during the
washing phase, instead of the diffusion one, for both extraction tech-
niques. As assumed also by the so called “broken and intact cells model”
(Sovova, 1994), which is largely used in the extraction of solutes from
solid substrates, the solutes are contained in cells of the plant matrix
and, as a result of mechanical milling pretreatment, some cells in the
solids are broken and the remaining cells in the core of the particles are
intact. The solute in the broken cell is directly exposed to the particle
surface and can be easily extracted. The extraction rate depends on the
washing rate constant k, Instead, the solute in the intact cells is much
more difficult to extract due to the high mass transfer resistance inside
the particle itself, and the extraction rate depends on the diffusion rate
constant kq. Moreover, the pressure and temperature increase at
subcritical conditions allow an average four-fold enhancement of
extraction rate (ky) compared to CSLE, from 0.3167 min~! to 1.3300
min~!. The rise in pressure and temperature allows higher solvent dif-
fusibility into solid matrix, and faster solutes desorption. Same findings
were reported for the extraction of polyphenols from grape seeds and
skins (Duba et al., 2015), citrus unshiu peel (Kim and Lim, 2020), and
malted quinoa (Mufari et al., 2021) by water or ethanol-water mixtures
at subcritical conditions.

3.1.2. Degradation phase

The OECs highlighted a significant decrease in total polyphenols
after 10 min of SSE, mainly with ethanol and the ethanol-water mixture
(Figs. 1-2). A degradation phase on CSLE cannot be observed, as indi-
cated by the asymptotic trend of kinetic curves for times longer than 40
min. The CSLE trials were carried out at 40 °C, which enabled the
preservation of phenol compounds.

The conventional approach for studying polyphenol recovery in-
volves using a maximum temperature of around 60-80 °C. Higher
temperatures have not been explored due to the potential solvent losses
and phenol degradation (Antony and Farid, 2022). Treatments at tem-
peratures above 80 °C, for times longer than 10 min, can induce a sig-
nificant decrease in polyphenol yields (Solyom et al., 2014), however,
SSE must be carried out at high pressures and temperatures, above
90-100°C. The behaviour of polyphenols at higher temperatures and
subcritical conditions is complex and can be attributed to three mech-
anisms: breaking of phenolic acids-lignin bonds, lignin degradation, and
thermal degradation. The first two are mainly associated to the increase
of phenolic content and antioxidant activity observed with an increase
in extraction temperature, up to 180-200 °C (Antony and Farid, 2022).
However, thermal degradation is the primary mechanism adopted to
explain the decrease of polyphenol yield during extraction at high

temperatures, but it does not fully account for the behaviour of poly-
phenols. A multi-factorial evaluation should be considered. For
example, the magnitude and speed of the degradation phenomenon can
be affected by the extraction conditions and the polyphenol sub-classes
(Casazza et al., 2012; Vergara-Salinas et al., 2012). The bioactive com-
pounds degradation was reported also for the polyphenol extraction
with subcritical water from chestnut peels, at temperatures above
150 °C and process time longer than 30 min. Additionally, the phenols
can undergo many reaction mechanisms producing other compounds,
such as pyrogallol from hydrolyzable tannins (Cravotto et al., 2022).

The experimental results pointed out that the magnitude of the
degradation process is different among the subcritical solvents. As
shown in Figs. 1 and 2, the decrease in TPC is higher with water and the
ethanol-water mixture, compared to pure ethanol. In this study, a second
order exponential decay function was chosen for the description of the
degradation phase (Table 1). A good correlation was found between the
model and the experimental values (R? > 0.9701 ; Rzadj_>0.8805), as a
good prediction level of new observations (R.zpred,>0.8103). The model
assumes that the degradation process is constituted by a first faster step,
followed by a second phase characterized by a slower and smoother
trend. The magnitude of the degradation constant rates (k; and ks)
confirmed that a faster decrease in TPC can be observed when water is
used as a solvent, followed by the ethanol-water mixture. Indeed, the use
of subcritical ethanol highlighted a TPC decrease in the first initial step
(kq), 2-2.5 folds lower (—0.0660 min~1) compared to subcritical water
(—0.1608 min’l) or ethanol-water mixture (—0.1432 min’l). Moreover,
the ky value indicates that the second decrease phase with subcritical
ethanol could be neglected.

It is well known that the hydrolysis reaction of biopolymers can be
promoted in aqueous mediums at subcritical conditions (Zhang et al.,
2020). The hydrolysis of phenol-lignin bonds and lignin structures en-
hances the polyphenol recovery observed in the initial period of SSE.
Depolymerization may also occur on condensed tannins, resulting in a
potential increase in small phenols content.

In contrast, the subcritical aqueous medium can promote oxidation
and degradation reactions at high temperatures and for long times,
particularly for small molecules, such as gallic acid, which can be more
sensitive to high temperatures than condensed tannins (Cravotto et al.,
2022).

3.2. Antioxidant activity

Grape marc polyphenols have many human-health benefits due to
their well known antioxidant properties. The antioxidant activity of the
extracts obtained during the SSE and CSLE trials are reported in the
overall kinetic curves showed a similar trend to the TPC (Figs. 1 and 2).
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Fig. 2. Comparison between experimental (symbols) and modelled overall
extraction curves (OECs) of antioxidant activity of extracts obtained by CSLE
and SSE from grape marc using water (a), ethanol (b), and their mixture EtOH
50% (c) as solvent.

An initial increase period, followed by an asymptotic and constant trend
was observed for CSLE. Instead, the SSE showed again an initial faster
increase in the antioxidant activity, and a significant decrease for times
longer than few minutes. The modelling of the experimental data using
the two-site kinetic and the two terms exponential decay model allowed
to mathematical evaluate the different CSLE and SSE process periods.
The kinetic models fitted well the experimental data, as indicated by the
correlation coefficients in Table 2 (R? > 0.9734; R,Zadj.> 0.9690), and
they also able to well predict responses for new observations (R_zpred >
0.8103). The estimation of the extraction constant rates, k,, and kq,
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confirmed that the EtOH 50% at subcritical conditions was the better
solvents for the extraction of polyphenols from grape marc with the
higher antioxidant activity. The highest antioxidant activity (42.30 +
0.68 mg ¢.toc/mL) was achieved by SSE with EtOH 50% and 10 min. The
results were 3 times higher than CSLE (15.54 + 1.51 mg 4.toc/mL). The
starting point and the magnitude of SSE degradation phase vary among
the different subcritical solvents. The AA decrease began early for water
(3 min), compared to the ethanol-water mixture (10 min) or ethanol (15
min). Furthermore, the degradation constant rates indicated a more
intense and faster degradation phenomena of polyphenols when
subcritical water was used as a solvent (k; = —0.2087 min~%; ky =
—0.0046 min-1).

Despite the similarity in kinetic curves, there was a moderate cor-
relation found between the TPC and antioxidant activity (R2 = 0.79).
The evaluation of the ratio between antioxidant activity and TPC (AA-
TPC ratio) is worthy of note. The AA-TPC ratio was 4.62, 4.10, and 4.32
mgy.toc/Mg Gag, respectively for EtOH50%, ethanol, and water at the
best SSE extraction conditions. Instead, the CSLE extracts showed a
lower AA-TPC ratio: 4.04, 3.88, and 3.15 mg.toc/mg gar for EtOH50%,
ethanol, and water.

The antioxidant activity is affected not only by the polyphenol con-
tent, but other factors should be considered, such as the degree of
polymerization, functional groups, molecular conformation, and others
(Olszowy, 2019). The experimental results suggested that subcritical
conditions may also affect the chemical composition of the polyphenol
extracts, as reported by other authors (Alvarez-Casas et al., 2014;
Andrew et al., 2020; Casazza et al., 2012; Vergara-Salinas et al., 2012).

3.3. Polyphenol profile

The chemical composition of the extracts with the highest TPC and
antioxidant activity, obtained using CSLE and SSE, can be compared in
Table 3. The best results were obtained after 45 min using CSLE with all
the solvents. In contrast, the best SSE results were obtained at 3 min with
subcritical water, 15 min with subcritical ethanol, and 10 min with
subcritical EtOH 50% mixture.

The TPC obtained with subcritical water (1.80 + 0.01 ggar/100 gq.
m.) is similar to that reported by other authors (Pedras et al., 2017), who
obtained polyphenol yields between 1.44 and 2.62 g/100 g q.m. On the
other hand, the SSE with ethanol and the EtOH 50% mixture resulted in
a slightly lower phenolic content compared to the results reported by
(Pereira et al., 2019), which were 3.67 and 6.57 g/100 gq. m. by using
ethanol and EtOH 50%, respectively. However, they had considered a
grape marc from Syrah grapes, which has a higher phenolic content than
the grape variety used in this study (cv. Pinot Gris). Extraction yields are
affected not only by the extraction technology and conditions, but also
by other factors, such as grape varieties, pedo-climatic conditions,
agronomy practices, and winemaking technologies (Vatai et al., 2009).

Three classes of polyphenols were considered: anthocyanins, flavan-
3ols, and tannins. Low anthocyanin yields (1.76-28.75 mg/100 g 4.m.)
were achieved for both extraction technologies. The Pinot Gris grapes
used in this study had a low anthocyanin content, and were macerated
for 12 h during the vinification process. Flavan-3-ols and tannins were
the most abundant classes of polyphenols extracted using both CSLE and
SSE.

SSE provided an average four-fold increase in anthocyanin yields,
two-fold increase in flava-3-ols yields, and a 1.5-fold increase in total
tannin yields, compared to CSLE. The ethanol-water mixture at
subcritical conditions provided the highest yields of phenolic classes:
28.75 + 0.19 mg/100 g q.m. of anthocyanins, 1.16 + 0.02 g/100 g q.m. of
flavan-3-ols, and 3.95 + 0.55 g/100 g 4. of total tannins.

The intensification of polyphenols extraction by EtOH 50% mixture
at subcritical conditions from winemaking byproducts was also reported
by other authors (Monrad et al., 2010; Pereira et al., 2019). Moreover,
the efficiency of subcritical EtOH 50% on phenols extraction was
confirmed also for other biomasses, such as citrus or feijoca peels
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Table 2
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Kinetic parameters of the extraction and degradation phase of antioxidant activity (AA) from grape marc by conventional (CSLE) and subcritical solvent extraction

(SSE) with different solvents.

CSLE SSE
H,0 EtOH EtOH 50% H,0 EtOH EtOH 50%
Extraction phase Kinetic parameters
Cyw 5.6663 5.0710 14.4358 8.4183 15.5133 36.6750
kw 0.1039 0.2212 0.2316 1.0888 1.4961 1.8191
Cq 0.0615 4.4896 1.5480 6.4717 487.64 1021.11
kq 0.1031 0.0378 0.0145 1.0890 0.0004 0.0004
R? 0.9714 0.9912 0.9992 0.9917 0.9984 0.9951
R%adj. 0.9500 0.9847 0.9986 0.9669 0.9969 0.9879
RZ-pred. 0.9986 0.9628 0.9456 0.9766 0.9789 0.8633
Degradation phase Kinetic parameters
Cy - - - 5.6831 4.8397 54.9490
ki - - - —0.2087 —0.0784 —0.1628
Cy - - - 12.5610 17.6846 32.3271
ko - - - —0.0046 —0.0006 —0.0023
R? - - - 0.9831 0.9994 0.9838
R%-adj. - - - 0.9576 0.9932 0.9352
RZ-pred. - - - 0.8648 0.8103 0.9320
Table 3
Polyphenol profile of extracts obtained by conventional (CSLE) and subcritical solvent (SSE) extraction with water, ethanol and their mixture (ETOH 50%) as green
solvents.
CSLE SSE
H,0 EtOH EtOH 50% H,0 EtOH EtOH 50%
TPC (Total polyphenols content) g GAE/100 g 4m 1.26 +0.02 d° 1.60 +£0.04d 2.67 +£0.09b 1.80 £ 0.01d 2.41 £0.08 ¢ 4.05 +0.23 a
Antioxidant activity mg a-toc./mL 6.25+ 0.40 e 9.31 +£0.42d 1554+ 151 ¢ 1424+ 0.37 ¢ 19.03 + 0.87 b 42.30 £ 0.68 a
Anthocyanins mg/100 g 4.m 1.76 +£ 0.78 b 9.27 £2.21b 6.02+1.31b 8.96 + 2.64 b 26.87 + 6.88 a 28.75+0.19a
Flavan-3-ols g/100 g 4.m 0.25 £ 0.02 e 0.33 + 0.07 de 0.55 + 0.10 be 0.45 + 0.04 cd 0.63 + 0.08 b 1.16 £ 0.02 a
Tannins 8/100 g am 0.90 + 0.07 ¢ 1.38 + 0.51 be 1.96 +£0.28 b 1.50 £ 0.20 be 1.23 + 0.29 be 3.96 £0.55a
Proanthocyanidins
Total PAs g/100 g 4.m 0.42 +0.02 d 0.97 £ 0.01 c 1.07 £0.01 ¢ 0.44 +0.02d 1.65 +0.01 b 3.41 £0.03a
mDP — 4.09 £ 0.22b 4.78 £ 0.07 a 3.45+0.03¢ 240+0.10e 2.25+0.02¢ 2.72 +£0.03 d
% G % 8.88 +0.49 d 22.26 +£0.32 a 17.56 + 0.15 b 8.72+0.36d 10.21 £ 0.07 ¢ 9.14 +£0.09d
% t Cat % 15.65 + 0.96 d 14.06 + 0.20 e 11.76 + 0.10 f 25.90 £ 1.06 b 27.67 £0.18 a 22,97 £0.23 ¢
% tECat % 13.11 £ 0.74 b 8.83+0.13¢ 8.70 £ 0.07 c 15.17 £ 0.62 a 16.20 £ 0.11a 13.26 £ 0.13 b
% tECatG % 0.18 £0.01 e 1.56 £0.02 a 0.45+0.01d 0.64 + 0.03 b 0.62 +0.01 b 0.53+0.01c
% extCat % 8.45 + 0.46 b 5.12 +£0.07 d 7.20 £ 0.06 ¢ 8.40 + 0.34 b 7.07 £0.05 ¢ 9.40 £ 0.09 a
% extECat % 53.90 + 2.96 a 49.72 £ 0.72b 54.76 + 0.46 a 41.81 £+1.71 cd 38.85+0.26d 45.23 £0.45¢
% extECatG % 7.58 +£0.42 d 20.16 = 0.29 a 16.91 £ 0.14 b 7.59+0.31d 9.17 £ 0.06 ¢ 8.24 +£0.08d

Different letters within line indicate significant differences (p < 0.05).

mDP, mean degree of poly-merization; % G, percentage of galloylation; % tCat, percentage of terminal (p)-catechin; % tECat, percentage of terminal (—)-epicatechin; %
extCat, percentage of extension (p)-catechin; % extECat, per-centage of extension (—)-epicatechin; % extEGCat, percentage of extension (—)- epigallocatechin; %

extECatG, percentage of extension (—)-epicatechin gallate.
@ Each data represents the mean of three replicates + standard deviation.

(Barrales et al., 2018; Santos et al., 2019).

Tannins are an important class of bioactive compounds that have
gained popularity due to their beneficial effects on human health as
antioxidant, anti-inflammatory, anti-allergic, anti-cancer, immune-
stimulating, anti-viral, cardio-protective, and antithrombotic features
(Smeriglio et al., 2017; Unusan, 2020). Some of their properties, such as
their antioxidant activity or their ability to interact with other macro-
molecules, are related to their chemical structure. In Table 3, the
chemical composition of the grape proanthocyanidins extracted by CSLE
and SSE is reported. The HPLC method enabled the estimation of the
degree of polymerization (mDP) and the galloylation percentage (%G) of
the proanthocyanidins extracted with water, ethanol, and the EtOH 50%
mixture at conventional and subcritical conditions. The experimental
results pointed out a significant effect of subcritical conditions also on
chemical structure of proanthocyanins, with a significant decrease of
their mDP and %G. The rise of temperature and pressure at subcritical
state can affect some chemical properties, such as the ionic product, and
hydrolysis and other depolymerization mechanisms can be promoted
(Cocero et al., 2018).

The degree of polymerization and galloylation percentage are

important modulators that influence the antioxidant capacity of poly-
phenols. Lower mDP and %G were related to an higher antioxidant ca-
pacity and lower cytotoxic effect (Mitjans et al., 2011). The
experimental results (Table 3) confirmed these findings, showing a
higher antioxidant activity with a lower mDP and %G.

4. Conclusions

The subcritical solvent extraction significantly increased the
extraction efficiency and polyphenols yield from grape marc. The best
results were obtained using a subcritical 50% water-ethanol mixture at
120 °C, 100 bar, and 10 min. A 1.5-fold increase in polyphenol content
and a three-fold increase in antioxidant activity were achieved at the
best SSE conditions, compared to the conventional extraction.

However, a degradation phenomenon of polyphenols was high-
lighted at subcritical conditions and times longer than 10 min. The
magnitude of the polyphenol content decrease was different among the
solvents, and it was promoted in aqueous solvents.

The description of the extraction kinetics using suitable models is
important for gaining valuable information for the process scale-up. The
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two-site kinetic model and a two terms exponential decay model well
described the experimental results of the two process stages identified
for SSE (R? > 0.99). The mathematical modelling of the initial extraction
period showed that SSE enables a polyphenol extraction that is 5 times
faster than CSLE.

Significant effects on some chemical properties of the phenolic ex-
tracts were highlighted. Significant decreases in the degree of poly-
merization and the galloylation percentage of the proanthocyanidins
were detected, that can be related to the antioxidant activity increase.

The subcritical solvent extraction can be considered an efficient and
versatile green technology and controlling process conditions is crucial
for improving both extraction yield and the quality of the resulting ex-
tracts. Additional research on the effect of SSE parameters, and more
detailed kinetic models are necessary for process optimization and its
potential scaling-up at an industrial scale.
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