
Citation: Serrano, A.;

Díaz-Navarrete, P.; Mora, R.; Ciudad,

G.; Ortega, J.C.; Pinto-Ibieta, F. Acid

Hydrothermal Amendment of Grape

Wine Pomace: Enhancement of

Phenol and Carbohydrate

Co-Solubilization. Agronomy 2023, 13,

1501. https://doi.org/10.3390/

agronomy13061501

Academic Editor: Baskaran

Stephen Inbaraj

Received: 20 April 2023

Revised: 15 May 2023

Accepted: 17 May 2023

Published: 30 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Acid Hydrothermal Amendment of Grape Wine Pomace:
Enhancement of Phenol and Carbohydrate Co-Solubilization
Antonio Serrano 1,2, Paola Díaz-Navarrete 3, Roberto Mora 4, Gustavo Ciudad 5,6,7, Juan Carlos Ortega 8

and Fernanda Pinto-Ibieta 9,*

1 Departamento de Microbiología, Facultad de Farmacia, Universidad de Granada, Campus de Cartuja s/n,
18071 Granada, Spain; antonio.serrano@ugr.es

2 Instituto de Investigación del Agua, Universidad de Granada, Calle Ramón y Cajal 4, 18071 Granada, Spain
3 Departamento de Ciencias Agropecuarias y Acuícolas, Facultad de Recursos Naturales, Universidad Católica

de Temuco, Casilla 15-D, Temuco 4780000, Chile; paola.diaz@uct.cl
4 Sciences Engineering with Specialization in Bioprocess, Universidad de La Frontera, Temuco 4780000, Chile;

rmora2015@alu.uct.cl
5 Departamento de Ingeniería Química, Facultad de Ingeniería y Ciencias, Universidad de La Frontera,

Avenida Francisco Salazar #01145, Temuco 4780000, Chile; gustavo.ciudad@ufrontera.cl
6 Instituto del Medio Ambiente (IMA), Universidad de La Frontera, Avenida Francisco Salazar #01145,

Temuco 4780000, Chile
7 Scientific and Technological Bioresource Nucleus (BIOREN), Avenida Francisco Salazar #01145,

Temuco 4780000, Chile
8 Centro de Gestión y Tecnologías del Agua, Avenida Francisco Salazar #01145, Temuco 4780000, Chile;

juan.ortega@ufrontera.cl
9 Departamento de Procesos Industriales, Facultad de Ingeniería, Universidad Católica de Temuco,

Casilla 15-D, Temuco 4780000, Chile
* Correspondence: fpinto@uct.cl; Tel.: +56-45-2325556

Abstract: Byproducts from the winery industry contain many bioactive compounds that are consid-
ered high-value-added compounds. White grape pomace (GP) is rich in carbohydrates; consequently,
it can be used as a raw material for subsequent bioprocesses. In the present study, low-temperature
hydrothermal treatments were carried out using different operational conditions regarding temper-
ature (65–95 ◦C), time (120–240 min), and sulfuric acid addition at various concentrations (5–15%
v/v). The results showed that by using a temperature of 65 ◦C, a period of 120 min, and 15% (v/v)
of H2SO4, it was possible to obtain a liquid phase rich in phenols and carbohydrates, with total
phenol compounds corresponding to 2113 ± 140 mg of gallic acid/kg GP and composed mainly
of 3-hydroxytyrosol (1330 ± 22 mg/kg GP). In parallel, carbohydrate solubilization reached 245 g
glucose/kg GP. These results demonstrate the promising potential of hydrothermally treated grape
pomace as raw material for biorefinery processes.

Keywords: hydrothermal treatment; grape pomace; phenolic compounds; 3-hydroxytyrosol; carbohydrates

1. Introduction

Grapes are among the most widely cultivated plant crops worldwide [1]. Most of
the grapes produced globally are destined for wine production, amounting to a global
crop yield of more than 27 million tons in 2019 [2]. This huge volume is of great economic
importance, reaching an export value of more than USD 35 billion in 2019 [2]. Among
the main grape-producing countries, Spain, France, and China have the largest areas of
vineyards, followed by Italy, Turkey, and the USA [3].

The moderate consumption of grape wine has been traditionally associated with cer-
tain health benefits. Although its alcohol content makes it impossible to consider wine
a healthy beverage, many bioactive compounds with antioxidant, antimicrobial, and/or
anti-inflammatory properties have been identified in grape wine, such as phenolic acids,
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flavonoids, and proanthocyanins [4,5]. These high-added-value compounds in grapes are
also retained in a byproduct generated during grape wine preparation called grape pomace
(GP), which accounts for 17–25% of the initial grape mass [6]. GP is mainly composed of
the retained grape seeds and skins, although it can also contain pulp remains and stem
residues [7,8]. GP can contain a considerable concentration of polyphenols since most
of the polyphenols in grapes are usually found in the seeds (60–70%) and skin (28–35%),
whereas the pulp has a lower content percentage (10%) [8]. Likewise, white GP is an
outstanding source of sugars, with a content between 55 and 78% of GP dry matter [9].
The high sugar content in white GP makes it a promising biomass for use as feedstock
in various bioprocesses for value recovery, such as bioethanol production [10], anaero-
bic digestion [11], and polymer production [12,13]. However, the presence of bioactive
compounds can limit the implementation of bioprocesses for GP valorization due to their
inhibitory properties [11,14]; therefore, the recovery of these bioactive compounds from
GP would carry a double benefit, i.e., the recovery of added-value compounds with a high
degree of market interest and, at the same time, the detoxification of the remaining biomass,
facilitating further value recovery through bioprocesses [8].

Many different methods have been evaluated with respect to their ability to remove or
recover bioactive compounds, mainly phenolic acids, from GP and similar substrates. For
example, Siles et al. [15] proposed a short ozonation pre-treatment (15 min), which produced
a reduction of more than 50% in the initial concentration of phenols in vinasses from
alcohol production. Other authors have proposed the extraction of phenolic compounds
using different solvents, such as acetone [16], methanol/water [13,17], or ethanol acidified
with HCl [18,19]. Several physical methods have also been proposed, such as the use of
nanofiltration membranes or ultrasound- and microwave-assisted extraction [2,20]. The use
of nanofiltration membranes enabled the recovery of up to 73% of the total phenolic content
and 92% of proanthocyanidins from GP [2]. However, many authors have stated the need to
implement optimized processes that maximize the extraction of bioactive compounds [2,6].
Most of the phenolic compounds in GP are concentrated in the seeds, which means that
solubilization is the best method to achieve higher recovery of bioactive compounds [8,21].
Hydrothermal treatments have been widely proposed as a cost-effective option for the
solubilization of lignocellulosic substrates [22,23]; however, the application of excessively
severe conditions during hydrothermal treatment would entail the degradation of a fraction
of the bioactive compounds and sugars in the substrate as well as the appearance of
undesirable compounds such as furfural or hydroxymethylfurfural (HMF) [22,24]. These
compounds have been reported to be biological inhibitors and thus would hinder the
further valorization of the substrate after the recovery of bioactive compounds [25]. As
an alternative, low-temperature hydrothermal treatments have been shown to promote
protein solubilization, increase particulate carbohydrate removal, and increase soluble
phenol and soluble sugar concentrations [25,26].

Therefore, the object of the present research was to optimize the solubilization of the
bioactive compounds and carbohydrates in GP through low-temperature hydrothermal
treatment. This paper is especially relevant given that it focuses on a widely generated
substrate, i.e., GP; it proposes a valorization method intended to maximize the recovery
of bioactive compounds and, at the same time, amend the treated substrate to render it a
suitable feedstock for further bioprocesses by optimizing the soluble sugar content.

2. Materials and Methods
2.1. Substrate

White grape pomace (GP) was obtained from the “Viña Aynco” vineyard located in
Galvarino, La Araucanía Region, Chile. Once collected, the GP was immediately stored at
−20 ◦C to avoid uncontrolled fermentation of the substrate.
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2.2. Hydrothermal Treatment

The experiments were carried out in 1 L glass reactors. A GP/acid solution ratio of
15/85 (w/w) was used in all tests, with 50 g of GP (wet base) added to 275 g of acid solution
and stirred at a constant rate of 300 rpm. The reaction temperature was tested over a range
from 65 to 95 ◦C, a reaction time between 120 and 240 min, and an acid concentration
from 5 to 15% (v/v). The conditions imposed during the hydrothermal treatment were
organized with surface response methodology using Design Expert 11 (software). A face-
centered central composite design of three factors with six central points was applied, for
which there were three replicates per experiment (Table 1). The responses studied were
the solubilization of the total carbohydrates (considered as the sum of xylose, glucose, and
arabinose) and phenolic compounds. ANOVA was performed for each response. In all
cases, model significance and lack-of-fit tests were performed to check that the models used
were relevant and fitted the experimental data. All statistical analyses were performed
considering α = 0.05 (Supplementary Material, Tables S1 and S2).

Table 1. Three-factor central composite design with 6 central points.

Treatment Number Duration
(min)

H2SO4
(v/v)

Temperature
(◦C)

1 120 5 65
2 240 5 65
3 120 15 65
4 240 15 65
5 120 5 95
6 240 5 95
7 120 15 95
8 240 15 95
9 120 10 80
10 240 10 80
11 180 5 80
12 180 15 80
13 180 10 65
14 180 10 95
15 180 10 80

After each hydrothermal treatment, the samples were centrifuged for 10 min at
10,000 rpm, and the solid phase was characterized according to its lignin, cellulose, and
total phenolic compound concentrations and volatile and total solids. The liquid phase
was passed through a 0.22 µm filter. Total sugars, xylose, arabinose, glucose, furfural,
HMF, soluble chemical oxygen demand (sCOD), total phenolic compounds, and their
characterization were measured in the filtered sample.

2.3. Chemical Analysis

The chemical compositions for untreated and treated grape pomace, including analysis
of the liquid and solid phases obtained after hydrothermal treatment, were determined
according to standard methods and procedures found in the literature on cellulose and
hemicellulose content [27] and lignin (TAPPIT222 om-98) [28]. Total solids (TS), volatile
solids (VS), and soluble chemical oxygen demand (sCOD) were measured using standard
methods [29]. Acetic acid, furfural and hydroxymethylfurfural (HMF), and the individual
carbohydrates xylose, glucose, and arabinose, obtained in the liquid phase after hydrother-
mal treatment, were quantified with a YL9100 high-performance liquid chromatograph
(HPLC) equipped with a Bio-Rad Aminex HPX-87H 300 column [30]. For the determination
of carbohydrates and organic acids, a refractive index detector (RID) was used, while
furfural and HMF were detected using a diode array detector (DAD) [30]. Total phenol
compounds in the untreated GP (UGP) and the liquid phase resulting from treatment
were quantified via spectrophotometry with a gallic acid (GA) calibration curve using
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the Folin–Ciocalteu method. The results are expressed as mg of GA/Kg GP. To deter-
mine the total phenol content in UGP, previous extraction was carried out once again
using 1 g of GP and 1 mL of methanol/water (80:20 v/v). The mixture was stirred for
1 min in a vortex apparatus and centrifuged at 1200× g for 10 min. The methanol layer
was separated, and the extraction was repeated four times [31]. To determine the an-
tioxidant capacity in the liquid phase, antiradical activity (2,2-diphenyl-1-picrylhydrazyl
(DPPH)) was measured; the DPPH content was analyzed by measuring the variation in
absorbance at 515 nm after 30 min of reaction with the radical DPPH using a Thermo
Scientific (Waltham, MA, USA) UV-Vis Orion AquaMate 8000 spectrophotometer. The
results were expressed in grams of Trolox equivalent per kilogram of grape pomace. Fi-
nally, the individual phenolic compounds were characterized as described in the study
by Romero-Roman et al. [32] via high-performance liquid chromatography–diode array
detection electrospray ionization/mass spectrometry (HPLC-DAD-ESI/MSn) using an
Agilent Technologies 1220 Infinity Liquid Chromatograph equipped with an autoinjector
(G1313, Agilent Technologies, Santa Clara, CA, USA) coupled with a diode array detector
(1260, Agilent Technologies, Santa Clara, CA, USA) and a Luna 5 µm C18, 100-Å column
(250–4.6 mm). The analytical procedure was based on calibration curves using the follow-
ing standards: p-hydroxybenzoic acid, gallic acid hexoside, protocatechuic acid hexoside,
vanillic acid, coutaric acid, caffeic acid, caftaric acid, p-coumaric acid, ferulic acid, chloro-
genic acid, ellagic acid, 3,4-dihydroxyphenyl glycol, 3-hydroxytyrosol, p-tyrosol, vanillin,
4-methyl catechol, syringol, 3,4-dimethyl benzyl alcohol, catechin, epicatechin, quercetin-3-
rutinoside, quercetin-3-glucoside, quercetin-3-glucuronide, myricetin, and quercetin. All
standards are expressed in mg/Kg GP.

3. Results and Discussion
3.1. Solubilization of Organic Matter

Table 2 shows the characterization of the untreated grape pomace and the solid phases
obtained from the GP after hydrolysis. As shown in Table 2, most of the solid phases
obtained after the centrifugation of the hydrothermally treated GP presented total solid
concentrations higher than 100 g/kg (Table 2). By contrast, treatments 1, 2, 6, and 11 resulted
in solid phases with total solid concentrations between 60.9 and 82.2 g/kg; these were
five of the six hydrothermal treatments with the lowest concentrations of added acid
(Table 1). The higher total solid concentrations observed in the other treatments could have
occurred due to the higher amounts of added acid, which would favor the separation of
the solid and liquid phases during centrifugation. The enhanced separation with higher
amounts of added acid might be related to the greater degradation of hemicellulose, whose
solubilization favors acidic conditions [33].

The concentrations of lignin and holocellulose in the untreated GP and those obtained
after each treatment are shown in Table 2. It is evident that for all the treatments applied,
the lignin content was similar to that of the untreated grape pomace. The maximum
level of lignin solubilization, i.e., a decrease in the lignin content in the total GP from
35.6 to 29.5% (w/w), which was determined after treatment 6, was only 16.1% (w/w)
of the total lignin content. This low level of lignin removal was expected due to the
hydrolysis conditions applied, for which, in all cases, the working temperature did not
exceed 95 ◦C. Some authors have reported that the compact structure of lignin can require
the use of temperatures above 180 ◦C or even the combination of high temperatures and
fast decompression processes, as in those induced by steam explosion technology, to
effectively break down lignin fibers [22,25]. By contrast, the holocellulose content was
strongly impacted by the different treatments applied; in all cases, the level of holocellulose
solubilization was greater than 62% (w/w). Treatment 8 showed the greatest decrease in
holocellulose content, which was from 59.6 in the UGP to 4.7% (w/w); this was followed
by treatments 12 and 7, for which the final concentrations were 9.9 and 9.5% (w/w),
respectively (Table 2). These results were also corroborated by confocal laser-scanning
microscopy analysis (Supplementary Material, Figure S1).
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Table 2. Characterization of untreated grape pomace (UGP), and the solid phases obtained after
hydrolysis of grape pomace (GP).

Treatment
Number

Lignin
Residue
(%w/w)

Holocellulose
Residue
(%w/w)

Lignin
Solubilization

(%w/w)

Holocellulose
Solubilization

(%w/w)

Total
Solids
(g/kg)

Volatile
Solids
(g/kg)

VS/TS

UGP 35.2 ± 5 59.6 ± 5.7 - - 10.0 ± 1.2 8.9 ± 2.1 0.90
1 32.1 ± 2.7 21.9 ± 0.7 8.9 63.2 60.9 ± 3.1 59.8 ± 4.3 0.98
2 30.0 ± 2.9 22.6 ± 3.2 14.8 62.0 63.3 ± 7.1 62.2 ± 7.3 0.98
3 30.6 ± 3.1 14.2 ± 2.1 13.0 76.1 126.2 ± 7.6 124.9 ± 10.3 0.99
4 30.8 ± 5.2 11.7 ± 1.6 12.5 80.3 128.5 ± 5.2 126.7 ± 7.4 0.99
5 30.8 ± 1.2 18.2 ± 0.6 12.6 69.4 126.0 ± 8.1 124.0 ± 8.3 0.98
6 29.5 ± 4.0 19.1 ± 0.8 16.1 68.0 82.2 ± 5.4 80.5 ± 6.1 0.98
7 31.5 ± 2.3 9.9 ± 1.6 10.5 83.4 126.7 ± 3.2 124.9 ± 6.2 0.99
8 33.0 ± 2.7 4.7 ± 0.6 6.3 92.1 125.1 ± 5.1 123.4 ± 9.3 0.99
9 32.3 ± 2.6 17.2 ± 1.6 8.1 71.2 128.7 ± 4.2 127.7 ± 8.2 0.98
10 31.6 ± 2.7 16.9 ± 1.6 10.3 71.6 102.9 ± 2.4 101.3 ± 6.4 0.98
11 30.6 ± 4.1 18.5 ± 0.9 13.0 68.9 62.8 ± 7.8 61.3 ± 3.4 0.97
12 31.0 ± 2.4 9.5 ± 1.6 11.9 84.1 129.4 ± 12.2 127.5 ± 8.3 0.99
13 31.8 ± 2.1 15.1 ± 1.6 9.5 74.7 128.4 ± 6.2 125.8 ± 9.2 0.99
14 32.3 ± 3.1 17.2 ± 0.6 8.4 71.2 107.5 ± 4.3 105.4 ± 3.5 0.98
15 33.4 ± 1.9 18.6 ± 2.8 5.0 68.8 101.1 ± 4.6 99.4 ± 3.4 0.98

UGP: untreated grape pomace; w/w: weight/weight; VS: volatile solids; TS: total solids.

Table 3 shows the characterization of the liquid phase of UGP with the liquid phases
of treated GP after different applying treatment conditions. We noted that the sCOD values
in all treatments were higher than the value determined for UGP, i.e., an sCOD value of
594 mg/kg, reaching values even higher than 900 mg/kg with treatments 3, 4, 7, 8, and 12.
These treatments corresponded to the highest sulfuric acid dose, i.e., 15% w/w of H2SO4,
indicating that there is a positive relationship between acid addition and the solubiliza-
tion of organic matter. On the other hand, secondary compounds generated during the
hydrothermal treatments, such as furfural, hydroxymethylfurfural (HMF), and acetic acid,
were also observed, which are reported in Table 3. Furfural and HMF were generated in low
quantities, reaching maximum values of 0.4 ± 0.01 and 0.05 ± 0.005 mg/kg, respectively
(Table 3). These values are markedly lower than the inhibition limit described for some
bioprocesses such as anaerobic digestion, wherein concentrations of around 2.0 g/L of
furfural and HMF are required for the full inhibition of microbial activity [34]. The low
concentrations of furfural and HMF observed in the present research are expected since
their generation is clearly related to the severity of the treatment applied and, especially,
temperatures above 120 ◦C [24].

3.2. Bioactive Compound Characterization

Figure 1 shows the concentration of total soluble phenols in the UGP and the liquid
fractions obtained after each hydrothermal treatment. The hydrothermal treatments re-
sulted in an increase in the total soluble phenols under all the conditions tested compared
to the UGP. The highest increase observed was that induced by hydrothermal treatment 4
(65 ◦C, 240 min, and 15% v/v H2SO4), for which the concentration of total soluble phenols
reached a value of up to 2113 ± 140 mg GA/kg GP, which is around seven times higher
than that in the UGP (292 ± 25 mg GA/kg GP) (Figure 1). This highest concentration was
similar to that obtained in treatments 4, 7, and 12, with no significant differences between
the three values (Supplementary Material, Table S2).
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Table 3. Characterization of the liquid phase of untreated grape pomace (UGP) with the liquid phases
obtained after hydrothermal treatments of grape pomace (GP).

Treatment
Number

sCOD
(mg/kg)

Furfural
(g/L)

HMF
(g/L)

Acetic Acid
(mg/kg)

UGP 594 ± 5 n.d. n.d. n.d.
1 754 ± 18 n.d. n.d. 4.6 ± 0.3
2 715 ± 21 n.d. n.d. 4.6 ± 0.4
3 955 ± 12 n.d. n.d. 9.3 ± 0.8
4 940 ± 5 0.43 ± 0.01 <0.005 9.4 ± 0.9
5 850 ± 17 n.d. <0.005 8.6 ± 1.1
6 740 ± 19 0.008 ± 0.01 <0.005 8.4 ± 0.1
7 944 ± 8 n.d. 0.05 ± 0.005 9.3 ± 1.1
8 929 ± 29 0.29 ± 0.03 <0.005 9.1 ± 1.4
9 748 ± 19 n.d. <0.005 8.6 ± 0.9

10 753 ± 5 n.d. <0.005 8.3 ± 0.9
11 748 ± 5 n.d. n.d. 7.7 ± 0.6
12 959 ± 9 0.38 ± 0.02 <0.005 9.3 ± 0.9
13 732 ± 5 n.d. n.d. 6.7 ± 1.1
14 626 ± 56 0.36 ± 0.02 <0.005 4.8 ± 0.7
15 753.3 ± 34 n.d. <0.005 8.2 ± 0.8

n.d.—Not detected; UGP—untreated grape pomace; sCOD—soluble chemical oxygen demand; HMF—
Hydroxymethylfurfural.
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Figure 1. Total soluble phenolic compounds for untreated grape pomace (UGP) and grape pomace
treated under different conditions.

Figure 2 presents the effect of the factors studied (temperature, time, and acid addition)
on the responses evaluated. When the temperature was maintained at 65 ◦C, increasing
both the amount of acid added and the reaction time resulted in higher total soluble phenol
concentrations (Figure 2a). In contrast, when the temperature was 95 ◦C, the treatment
duration had a low impact on the solubilization of phenols (Figure 2b).



Agronomy 2023, 13, 1501 7 of 15Agronomy 2023, 13, x FOR PEER REVIEW 7 of 15 
 

 

  
(a) (b) 

 
(c) (d) 

Figure 2. Total-soluble-phenols-related responses observed via surface response methodology. Fac-
tors tested: (a) sulfuric acid concentration versus reaction time at 65 °C; (b) sulfuric acid concentra-
tion versus reaction time at 95 °C; (c) temperature versus time using 15% v/v of H2SO4; (d) tempera-
ture versus sulfuric acid at 240 min of operational time. 

The model relating the total soluble phenols to the experimental factors was obtained 
using Equation (1), where A, B, and C denote time, sulfuric acid, and temperature, respec-
tively (see Supplementary Material, Table S1): Phenolic compounds   = 33.76 + 1.86𝐴 + 4.20𝐵 + 5.09𝐶 + 2.00𝐴𝐵 −1.71𝐴𝐶 − 2.17𝐵𝐶 − 1.10𝐴 + 4.32𝐵 − 0.77𝐶 − 2.93𝐴𝐵𝐶  

(1)

With an acid concentration of 15% (v/v), it was possible to solubilize similar concen-
trations of phenols by increasing the temperature from 65 to 95 °C, while the operational 
time could be reduced from 240 to 120 min (Figure 2c). The higher release of phenolic 
compounds due to the addition of acid is likely related to the enhancement of solubiliza-
tion, as previously described for the degradation of the hemicelluloses [33]. Similarly, Ro-
dríguez-Gutiérrez et al. [35] reported 100% enhancement via adding ethanol during the 
hydrothermal treatment of strawberry extrudate at 90 °C compared to the same hydrot-
hermal treatment without acid addition. The operational temperature had a strong influ-
ence on the solubilization of phenols (Figure 2c,d). 

Indeed, for a reaction time of 240 min and a sulfuric acid concentration of 15% (v/v), 
the temperature was not a relevant factor in the range assessed (Figure 2c). Conversely, 
for an acid concentration of 5% (v/v), the phenols increased from 554 ± 42 to 1621 ± 102 mg 
GA/kg GP when the operational temperature was increased from 65 to 95 °C. A similar 
behavior was described by Cubero-Cardoso et al. [24], who reported an increase of around 
53% in the total phenols content in the liquid fraction obtained after the hydrothermal 

Figure 2. Total-soluble-phenols-related responses observed via surface response methodology. Fac-
tors tested: (a) sulfuric acid concentration versus reaction time at 65 ◦C; (b) sulfuric acid concentration
versus reaction time at 95 ◦C; (c) temperature versus time using 15% v/v of H2SO4; (d) temperature
versus sulfuric acid at 240 min of operational time.

The model relating the total soluble phenols to the experimental factors was obtained
using Equation (1), where A, B, and C denote time, sulfuric acid, and temperature, respec-
tively (see Supplementary Material, Table S1):

Phenolic compounds
(

mg GAE
kg GP

)
= 33.76 + 1.86A + 4.20B + 5.09C + 2.00AB−

1.71AC − 2.17BC − 1.10A2 + 4.32B2 − 0.77C2 − 2.93ABC
(1)

With an acid concentration of 15% (v/v), it was possible to solubilize similar concen-
trations of phenols by increasing the temperature from 65 to 95 ◦C, while the operational
time could be reduced from 240 to 120 min (Figure 2c). The higher release of phenolic
compounds due to the addition of acid is likely related to the enhancement of solubiliza-
tion, as previously described for the degradation of the hemicelluloses [33]. Similarly,
Rodríguez-Gutiérrez et al. [35] reported 100% enhancement via adding ethanol during the
hydrothermal treatment of strawberry extrudate at 90 ◦C compared to the same hydrother-
mal treatment without acid addition. The operational temperature had a strong influence
on the solubilization of phenols (Figure 2c,d).

Indeed, for a reaction time of 240 min and a sulfuric acid concentration of 15% (v/v),
the temperature was not a relevant factor in the range assessed (Figure 2c). Conversely, for
an acid concentration of 5% (v/v), the phenols increased from 554 ± 42 to 1621 ± 102 mg
GA/kg GP when the operational temperature was increased from 65 to 95 ◦C. A similar
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behavior was described by Cubero-Cardoso et al. [24], who reported an increase of around
53% in the total phenols content in the liquid fraction obtained after the hydrothermal
treatment of raspberry extrudate by increasing the operational temperature from 60 to
90 ◦C, which occurred due to the release of the phenolic compounds retained in the
lignocellulosic structures.

The high concentration of total soluble phenols was directly related to the values of
antioxidant power observed in each hydrothermal treatment. Although the variations
in the values of the antioxidant power were lower than in the concentrations of total
soluble phenols, a positive relation between the acid addition and the increase in an-
tioxidant power was observed (Figure 3). In all treatments, the antioxidant power was
higher than 17 ± 2 g eq. Trolox/kg (848 ± 1 mg eq. Trolox/L). The maximum antiox-
idant power was determined in run 4 (65 ◦C, 240 min, and 15% (v/v) H2SO4), namely,
27 ± 2 g eq. Trolox/kg (1330 ± 96 mg eq. Trolox/L). This highest antioxidant power did
not present any statistical difference compared to those obtained for treatments 7, 8, 12, and
14 (Supplementary Material, Table S2), whose values were 18 ± 1 g eq. Trolox/kg of GP,
18 ± 2 1 g eq. Trolox/kg of GP, 189 ± 1 1 g eq. Trolox/kg of GP, and 18 ± 2 1 g eq.
Trolox/kg of GP, respectively.
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Figure 3. Antioxidant power for untreated grape pomace (UGP) and treated grape pomace at different
hydrothermal treatment conditions.

By way of comparison, the liquid fraction obtained after the hydrothermal treatment
of GP in the present study achieved more than double the antioxidant power reported for
raspberry extrudate after hydrothermal treatment at 90 ◦C for 180 min, i.e., 167 ± 1 mg
eq. Trolox/L. High antioxidant power has been reported to be beneficial for the use of GP
extract as a basis for the preparation of UV filters [3,36].

3.3. Characterization of Individual Bioactive Compounds

The concentration and composition of the individual phenol compounds in the liquid
phases varied widely under different hydrothermal treatment conditions in comparison
with the UGP (Table 4). The concentrations of several phenolic acids and phenolic deriva-
tives increased, whereas the effect on the concentration of flavonols was more limited. In
particular, the highest increases in phenolic acid levels were observed for gallic acid hexo-
side and p-hydroxybenzoic acid. The concentrations of these acids increased by more than
one order of magnitude compared to the UGP (Table 4), reaching maximum concentrations
of 138 ± 5 mg/kg (treatment 2, 240 min, 5% (v/v) H2SO4, 95 ◦C) for gallic acid hexoside
and 90 ± 5 mg/kg (treatment 7, 120 min, 15% (v/v) H2SO4, 95 ◦C) for p-hydroxybenzoic
acid. This increase in the concentrations of these compounds may be very attractive due to
their properties; for example, gallic acid has been shown to exhibit antioxidant, antiviral,
antibacterial, and antifungal properties and is a positive modulator of germination [37,38].



Agronomy 2023, 13, 1501 9 of 15

Table 4. Concentrations of individual phenolic compounds and furans obtained in untreated grape pomace (UGP) and in the liquid fractions obtained after each
hydrothermal treatment; data are expressed as mg/kg.

UGP 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Phenolic acid

P-hydroxybenzoic acid 1 ± 1 43 ± 1 42 ± 2 61 ± 2 65 ± 4 70 ± 3 63 ± 4 90 ± 5 68 ± 3 56 ± 3 66 ± 2 62 ± 2 72 ± 6 61 ± 4 60 ± 4 55 ± 3
Gallic acid hexoside 2 ± 1 138 ± 3 138 ± 5 134 ± 3 52 ± 2 116 ± 4 102 ± 5 128 ± 7 123 ± 3 111 ± 5 108 ± 3 110 ± 3 111 ± 2 114 ± 1 73 ± 2 103 ± 2
Protocatechuic acid

hexoside n.d. 1 ± 1 22 ± 1 5 ± 1 2 ± 0.3 4 ± 1 7 ± 1 18 ± 1 5 ± 1 7 ± 1 10 ± 1 10 ± 1 20 ± 1 3 ± 1 20 ± 01 4 ± 0.4

Vanillic acid 2 ± 1 26 ± 1 25 ± 1 64 ± 1 56 ± 1 58 ± 1 52 ± 1 54 ± 1 53 ± 1 46 ± 1 46 ± 1 42 ± 1 66 ± 3 37 ± 1 52 ± 2 55 ± 0.3
Coutaric acid n.d. 1 ± 1 <1 2 ± 1 3 ± 1 4 ± 0.1 2 ± 1 1 ± 1 2 ± 1 4 ± 1 4 ± 1 2 ± 1 2 ± 1 1 ± 1 4 ± 1 3 ± 0.2
Caffeic acid n.d. 6 ± 1 6 ± 1 n.d. 5 ± 1 4 ± 0.3 n.d. n.d. n.d. 4 ± 1 n.d. 4 ± 1 5 ± 1 3 ± 1 3 ± 1 n.d.
Caftaric acid n.d. n.d. n.d. 4 ± 1 9 ± 1 n.d. 4 ± 1 5 ± 1 5 ± 1 4 ± 1 5 ± 1 n.d. 7 ± 1 n.d. 8 ± 1 5 ± 0.2

P-coumaric acid n.d. 2 ± 1 2 ± 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ferulic acid <1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Chlorogenic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ellagic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Phenolic Derivatives

3,4-dihydroxyphenylglycol 49 ± 2 144 ± 3 138 ± 2 159 ± 4 43 ± 3 151 ± 4 213 ± 5 264 ± 5 244 ± 4 168 ± 7 177 ± 8 132 ± 8 74 ± 5 160 ± 12 60 ± 5 168 ± 12
3-hydroxytyrosol <1 35 ± 1 36 ± 1 80 ± 2 1330 ± 22 198 ± 2 425 ± 5 504 ± 7 465 ± 12 150 ± 3 204 ± 8 241 ± 2 109 ± 2 200 ± 10 830 ± 16 187 ± 11

p-tyrosol n.d. 35 ± 1 13 ± 1 49 ± 1 107 ± 2 286 ± 3 51 ± 1 5 ± 0.1 53 ± 1 91 ± 2 78 ± 2 92 ± 2 1 ± 0.01 29 ± 2 102 ± 1 90 ± 0.1
Vanillin 1 ± 1 6 ± 1 7 ± 1 8 ± 1 26 ± 1 15 ± 1 10 ± 1 10 ± 1 11 ± 1 10 ± 1 10 ± 1 13 ± 1 21 ± 1 8 ± 1 24 ± 1 10 ± 0.1

4-methyl catechol n.d. n.d. n.d. 11 ± 1 80 ± 2 n.d. n.d. 84 ± 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Syringol n.d. n.d. n.d. n.d. 21 ± 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 24 ± 1 n.d.

3,4-dimethyl benzyl alcohol 1 ± 1 n.d. n.d. n.d. 21 ± 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 24 ± 1 n.d.

Flavonols

Catechin n.d. n.d. n.d. 19 ± 1 n.d. n.d. n.d. 4 ± 0.1 10 ± 1 n.d. n.d. n.d. 8 ± 1 n.d. 2 ± 1 n.d.
Epicatechin 1 ± 1 5 ± 1 4 ± 1 10 ± 1 4 ± 1 14 ± 1 8 ± 1 5 ± 1 9 ± 1 9 ± 1 10 ± 1 9 ± 1 16 ± 1 8 ± 1 12 ± 1 7 ± 0.2

Quercetin-3-rutinoside 2 ± 1 5 ± 1 n.d. 5 ± 0.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quercetin-3-glucoside 2 ± 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Quercetin-3-glucuronide n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Myricetin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quercetin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Kaempferol-3-glucoside n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 3 ± 1 n.d. n.d. n.d. 2 ± 1 n.d. 2 ± 1 n.d.
Kaempferol-3-hexoside n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

UGP—Untreated Grape Pomace; n.d.—Not Detected.
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The phenolic derivative compounds that showed the highest increases compared to the
UGP were 3-hydroxytyrosol (HT), p-tyrosol, and, to a lesser extent, 3,4-dihydroxyphenylglycol
(DHPG) (Table 4). The high concentrations of HT and DHPG determined in this study
are favored by the acid medium generated during the hydrothermal treatments [39]. The
highest concentration of HT was 1330 mg/kg corresponding to treatment 4 (180 min, 15%
(v/v) H2SO4, and 65 ◦C), while the highest concentration of DHPG was 264 ± 5, which was
achieved using treatment 7 (240 min, 15% (v/v) H2SO4, and 95 ◦C). The high concentrations
of HT and DHPG reported in the present study are important due to their pharmacological,
anti-inflammatory, and antioxidant capacities [39,40]. These interesting properties have
led to their wide use in industry, resulting in the high market price of 10% phenol extracts,
which amounts to EUR 520/kg [41,42]. The concentrations of HT observed in the present
study were markedly higher than the average concentrations reported for other well-known
sources of HT such as olives, olive oil, and wine (629, 5, and 2 mg/kg, respectively) [40].

3.4. Carbohydrates’ Solubilization

The solubilization of carbohydrates was evaluated by measuring the total soluble
carbohydrate concentration and the concentrations of the main individual carbohydrates,
i.e., glucose, xylose, and arabinose. As shown in Figure 4, the total soluble carbohydrate
concentration increased many times over compared to the UGP after each hydrothermal
treatment regardless of the operational conditions. In all cases, most of the sugars were
displaced to the liquid fraction by the hydrothermal treatments due to their high solubility,
with values of more than 18 times the initial concentration in the UGP [42]. This increase
was in line with the reduction in holocellulose observed in the solid phases obtained after
the hydrothermal treatments (Table 2) since the degradation of these fibers releases simpler
soluble carbohydrates [43].
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Figure 4. Total carbohydrates and sum of individual carbohydrates (glucose, xylose, and arabinose)
for untreated grape pomace (UGP) and grape pomace after different hydrothermal treatments.

The operational condition with the greatest impact on the total soluble carbohydrate
concentrations was the addition of acid with highest values at 15% v/v of H2SO4, i.e.,
treatments 3, 4, 7, 8, and 12 (Figure 4). The mean values obtained with the addition of 5%,
10%, and 15% v/v H2SO4 were 173 ± 12, 185 ± 15, and 245 ± 9 g glucose/kg GP, respectively.
To a lesser extent, the duration of the hydrothermal treatment was also positively related to
an increase in the total soluble carbohydrates, with maximum concentrations at 240 min,
i.e., treatments 4 and 8 (Figure 4). The analysis of variance shows that there are no statistical
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differences between treatments 4, 7, 8, and 12 but that there are such differences between 4
and 3 (Supplementary Material, Table S2).

In addition, as can be seen in Figure 4, the effect of the test conditions on the sum of
the principal individual carbohydrates (glucose, xylose, and arabinose) presented a similar
trend to that described for the total soluble carbohydrates.

Figure 5 shows the effect of the test conditions on individual carbohydrate solubiliza-
tion, i.e., the sum of glucose, xylose, and arabinose. Specifically, Figure 5a shows that when
the acid concentration was 5% (v/v) and the temperature increased from 65 to 95 ◦C, the
solubilization of individual carbohydrates increased by more than 100%, regardless of the
reaction time. However, when the reaction temperature was at its highest (95 ◦C), the in-
crease in the acid concentration resulted in a 33% increase in solubilization (Figure 5d). Note
that the acid effect can be influenced by the working temperature, whereas the reaction time
produced a less significant effect (Supplementary Material, Table S1). The slight influence
of the operational temperature on the individual carbohydrate compounds at lower acid
concentrations may be related to the temperature range, whose values are, in every case,
lower than that required for the effective solubilization of part of the fibers [22,42]. Indeed,
some authors have reported that temperatures above 150 ◦C–180 ◦C would be necessary
for the solubilization of hemicelluloses and, minimally, lignin [22,44]. The high efficiency
observed by increasing the amount of acid added could be related to an enhancement in the
degradation of hemicellulose, which can be effectively converted into soluble sugars via
dilute acid hydrolysis [33]. This result is in line with the report by [35] on the hydrothermal
treatment of strawberry extrudate. The cited authors reported an enhancement in the total
carbohydrate concentration from 40 g/kg of fresh raw material to 65 g/kg of fresh raw
material through the addition of 0.5% glacial acetic acid in a hydrothermal treatment at
90 ◦C and 90 min.
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Figure 5. Three-dimensional surface plots of effect on individual carbohydrate solubilization regard-
ing (a) temperature versus reaction time using 5% (v/v) of H2SO4; (b) temperature versus reaction
time using 15% (v/v) of H2SO4; (c) sulfuric acid versus time at 65 ◦C; and (d) sulfuric acid versus
time at 95 ◦C.



Agronomy 2023, 13, 1501 12 of 15

The model relating carbohydrate solubilization to the experimental factors was ob-
tained using Equation (2), where A, B, and C denote time, sulfuric acid, and temperature,
respectively (see Supplementary Material, Table S1):

Total Carbohydrates
(

g
kg GP

)
= 10.93 + 0.08A + 2.13B + 1.02C + 0.03AB−

0.13AC − 0.94BC − 0.70A2 + 1.67B2 + 0.68C2
(2)

The influence of the operational conditions on the composition and concentration
of the individual carbohydrate compounds was also observed (Figure 6). Thus, Figure 6
shows that the sum of the concentrations of glucose, xylose, and arabinose represented
more than 89% of the total carbohydrate concentrations in all the hydrothermal treatments.
Glucose was the most abundant carbohydrate of the three, representing between 55%
and 74% of the total carbohydrates. Glucose has been previously defined as the principal
carbohydrate in white grape pomace [45], making it very attractive as a feedstock for
subsequent fermentation processes [45,46]. Moreover, Table 3 shows that microorganism
inhibition is not an issue since the hydrolysate presents a low concentration of inhibitory
compounds, such as furfural and HMF, that would reduce metabolic activity [34]. Therefore,
the selected range of conditions for the hydrothermal treatment of GP would allow for
the solubilization of carbohydrates without accumulating undesirable furans that limit the
further valorization of the treated biomass.
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Figure 6. Individual soluble sugars (glucose, xylose, and arabinose) after treatment of grape pomace
under different conditions.

The concentrations of xylose and arabinose increased when the severity of the treat-
ment conditions was increased (Figure 6). For the hydrothermal treatments at 65 ◦C, the
variation in the amount of H2SO4 added from 5 to 15% v/v resulted in average increases
of around 669% and 45% for xylose and arabinose, respectively, for both hydrothermal
treatment durations. Similarly, increasing the operational temperature of the treatment
led to an increase in the xylose concentration, although this increase had little impact on
the arabinose concentrations (Figure 6). The duration of hydrothermal treatment showed
little correlation with variations in the concentrations of xylose and arabinose. The greater
influence of the addition of H2SO4 on the solubilization of the sugar monomers xylose and
arabinose is related to the capacity of dilute acid hydrolysis to degrade hemicellulose [33],
as both xylose and arabinose are generated through this process [45,47]. These compounds
are also very promising as substrates for biorefinery processes such as the acquisition of
succinic acid [47]. The marked increase over UGP in the concentration of carbohydrates
through the proposed acid-assisted hydrothermal treatments will enable the effective
amendment of this substrate as a feedstock for different fermentation processes [48,49].
Moreover, the treatment conditions can be varied to adapt individual carbohydrate profiles
to the requirements of the process.
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4. Conclusions

The proposed treatments allowed for the co-solubilization of phenols and carbohy-
drates, achieving a solubilization level of around 90% of holocellulose. It was observed
that the concentration of acid added had the strongest effect on the solubilization of both
phenols and carbohydrates. Nevertheless, increasing the temperature led to reduced solubi-
lization of phenols, while carbohydrate solubilization remained constant. Hydroxytyrosol,
p-tyrosol, and DHPG were the main phenols solubilized. Glucose and xylose were the
main carbohydrates, reaching up to 245 g glucose/kg GP. These results demonstrate grape
pomace’s potential as a raw material for biorefinery processes after the application of a
suitable amendment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13061501/s1: Table S1. Results of test of significance of
factors and interaction for the model (
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