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Abstract 

Grape bagasse is an abundant agro-industrial by-product and an important source of phe-

nolic compounds with antioxidant properties. This study evaluated Soxhlet extraction, 

supercritical fluid extraction (SFE), pressurized liquid extraction (PLE), subcritical water 

extraction (SWE), and sequential extraction strategies for recovering bioactive compounds 

from grape bagasse. Box–Behnken designs were applied to SFE and PLE to evaluate pro-

cess effects on extraction yield, while total phenolic content (TPC), total anthocyanin con-

tent (TAC), and antioxidant activity (ABTS) were additionally determined for PLE ex-

tracts. Hydroethanolic extractions showed greater selectivity toward phenolic com-

pounds, whereas water-based extractions promoted higher yields associated with addi-

tional polar constituents. In SWE, increasing temperature enhanced extraction yield and 

phenolic recovery, although anthocyanin contents decreased under more severe thermal 

conditions. SWE provided higher extraction yields than PLE with comparable phenolic 

content and antioxidant activity, suggesting the recovery of additional highly polar non-

phenolic compounds, whereas PLE resulted in higher extraction yields than SFE. Sequen-

tial extraction demonstrated that the first step accounted for most of the phenolic recovery 

and antioxidant activity, while the second aqueous step increased overall extraction yield. 

The sequential PLE–SWE route resulted in the highest TPC (198.0 mg GAE g−1) and anti-

oxidant activity (2321 μmol TE g−1), demonstrating the potential of sequential extraction 

for grape bagasse fractionation and valorization. 

Keywords: grape bagasse; phenolic compounds; pressurized liquid extraction; subcritical 

water extraction; sequential extraction 

 

1. Introduction 

Grape processing generates large amounts of solid residues, commonly referred to 

as grape bagasse or pomace, which consist mainly of skins, seeds, and residual pulp. 

These by-products represent an important environmental challenge for the wine and juice 

industries, but also a valuable source of bioactive compounds, particularly phenolic com-

pounds with recognized antioxidant properties [1–5]. 
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Phenolic compounds present in grape bagasse, including flavonoids, phenolic acids, 

and anthocyanins, have attracted increasing attention due to their potential applications 

in food, pharmaceutical, and cosmetic products [2,5,6]. However, their recovery is 

strongly influenced by the extraction technique and process conditions, as these com-

pounds are often associated with complex lignocellulosic matrices that can limit solvent 

accessibility and mass transfer [7,8]. Previous studies have demonstrated that the extrac-

tion efficiency and selectivity of grape bagasse phenolics are highly dependent on solvent 

polarity, extraction temperature, and method [9,10]. Hydroethanolic mixtures are fre-

quently reported as suitable solvents for recovery phenolic compounds from grape pom-

ace, providing a balance between extraction yield and phenolic selectivity, while water-

based systems often promote the co-extraction of additional polar constituents. In addi-

tion, considerable variability in extraction yield, total phenolic content, and antioxidant 

activity has been reported in the literature, depending on the operational conditions and 

extraction technologies employed [10–12]. 

Conventional extraction methods, such as Soxhlet extraction, are widely used as ref-

erence techniques due to their simplicity and reproducibility. Nevertheless, they are asso-

ciated with long extraction times, high solvent consumption, and low selectivity [13]. In 

recent years, alternative extraction technologies have been increasingly explored to over-

come these limitations. Supercritical fluid extraction (SFE), particularly using CO2, is con-

sidered an environmentally friendly technique due to its low toxicity and easy solvent 

removal; however, its ability to extract polar compounds is limited, often requiring the 

use of co-solvents to improve efficiency [14,15]. For grape pomace applications, SFE has 

shown potential for the recovery of specific bioactive compounds, although extraction 

yields and phenolic recovery are frequently lower than those obtained using hydroeth-

anolic pressurized systems due to the limited polarity of supercritical CO2 [16,17]. 

Pressurized liquid extraction (PLE) has emerged as an effective alternative for the 

extraction of bioactive compounds from plant matrices. By operating at elevated temper-

atures and pressures, PLE enhances solvent penetration, reduces viscosity, and improves 

mass transfer, leading to higher extraction efficiencies, particularly for polar compounds 

when using solvents such as ethanol or ethanol–water mixtures [18,19]. Several studies 

involving grape bagasse have reported high phenolic recoveries and antioxidant activities 

using PLE under hydroethanolic conditions, highlighting the influence of temperature, 

solvent composition, and liquid-to-solid ratio on extraction performance [10,12,20]. Sub-

critical water extraction (SWE) has also gained increasing attention as a green extraction 

technique. At elevated temperatures, water exhibits decreased dielectric constant and in-

creased diffusivity, allowing to solubilize a broader range of compounds, including mod-

erately polar substances, without the need for organic solvents [21,22]. However, the use 

of highly polar solvents or high temperatures may reduce extraction selectivity, promot-

ing the co-extraction of non-target compounds such as sugars and other low-molecular-

weight constituents [23]. For grape pomace, SWE has been associated with high extraction 

yields and expressive antioxidant activity, although elevated temperatures may also pro-

mote the extraction of non-phenolic compounds and the degradation of thermolabile con-

stituents such as anthocyanins [24,25]. 

In this context, sequential extraction strategies have been proposed as a way to im-

prove both extraction efficiency and selectivity by combining solvents or techniques with 

different properties. This approach enables the fractionation of complex matrices based 

on compound polarity, allowing the recovery of different classes of compounds in sepa-

rate steps [26–28]. Despite the growing body of literature on grape pomace extraction, 

studies providing a systematic comparison of conventional, supercritical, and pressurized 

extraction technologies, as well as their integration into sequential fractionation strategies, 
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remain scarce. Consequently, the influence of extraction route on compound selectivity, 

phenolic recovery, and biomass valorization has not yet been fully elucidated. 

Therefore, the aim of this study was to evaluate and compare different extraction 

techniques, including Soxhlet, SFE with co-extractant, PLE, and SWE, for the recovery of 

phenolic compounds from grape bagasse. Additionally, sequential extraction strategies 

combining these techniques were investigated to assess their potential for improving ex-

traction yield and selectivity. This integrated approach enables the assessment of extrac-

tion performance, selectivity, and biomass fractionation across conventional, supercritical, 

and pressurized technologies, providing insights into their application for grape bagasse 

valorization within a biorefinery framework. 

2. Results 

2.1. Conventional Extraction (Soxhlet) as Baseline 

Soxhlet extraction was performed using solvents with different polarities (ethanol 

100%, 70%, 50%, and water) to establish a baseline for comparison with intensified extrac-

tion techniques. The extraction yield and composition of the extracts were strongly influ-

enced by solvent polarity. 

As shown in Table 1, the highest extraction yield was obtained using water (26.1%), 

followed by hydroethanolic mixtures (17.5–17.8%) and absolute ethanol (14.0%). Despite 

the higher yield, aqueous extraction resulted in relatively low total phenolic content (TPC 

= 54.6 mg GAE g−1), suggesting the co-extraction of non-phenolic compounds, such as sol-

uble sugars. 

Table 1. Extraction yield, total phenolic content (TPC), total anthocyanin content (TAC), and anti-

oxidant activity (ABTS) of Soxhlet extracts obtained using different ethanol concentrations. 

EtOH 

(% v/v) 

Yield 

(%) 

TPC  

(mg GAE g−1) 

TAC  

(mg CY g−1) 

ABTS  

(μmol TE g−1) 

100 14.0 ± 0.7 52.7 ± 0.8 5.7 ± 0.2 667 ± 14 

70 17.8 ± 0.8 100.3 ± 0.9 11.5 ± 0.8 1358 ± 31 

50 17.5 ± 0.2 98.2 ± 0.1 6.4 ± 0.2 1447 ± 22 

0 26.1 ± 0.8 54.6 ± 0.6 3.7 ± 0.1 916 ± 25 

In contrast, hydroethanolic mixtures (50–70% ethanol) provided significantly higher 

TPC values (98.2–100.3 mg GAE g−1), indicating that solvents of intermediate polarity en-

hance the selective recovery of phenolic compounds. A similar trend was observed for 

antioxidant activity (ABTS), with the highest values obtained for 50% and 70% ethanol. 

Total anthocyanin content (TAC) was also influenced by solvent composition, with 

the highest value observed for 70% ethanol (11.5 mg CY g−1), while water extraction re-

sulted in substantially lower values. 

These results demonstrate that higher extraction yields do not necessarily correspond 

to higher selectivity for phenolic compounds. Therefore, solvent polarity plays a key role 

not only in extraction efficiency but also in extract composition, providing an important 

reference for evaluating intensified extraction techniques. 

2.2. Effects of Process Variables on SFE and PLE (Box–Behnken Design) 

To provide an initial comparison between the extraction techniques, the yields ob-

tained at the central experimental conditions of SFE and PLE are presented in Figure 1. As 

observed, PLE resulted in substantially higher extraction yields (~15%) compared to SFE 

(~7%), considering the central points of the Box–Behnken designs adopted for each extrac-

tion method, indicating greater extraction efficiency. 
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Figure 1. Extraction yield obtained from the triplicate central-point experiments of the Box–Behnken 

design (BBD) for supercritical fluid extraction (SFE) and pressurized liquid extraction (PLE). Error 

bars represent the standard deviation (n = 3).This behavior is consistent with the results obtained 

from Soxhlet extraction, where solvents of intermediate polarity enhanced the recovery of extracta-

ble compounds, suggesting that PLE, using ethanol as solvent, provides a more suitable environ-

ment for the extraction of polar constituents from grape bagasse. 

As PLE resulted in substantially higher extraction yields than SFE, chemical charac-

terization was performed only for extracts obtained by this method. It should be noted 

that lower extraction yields do not necessarily imply lower concentrations of phenolic 

compounds in the obtained extracts. However, under the evaluated conditions, SFE pro-

vided considerably lower extract recoveries than PLE, indicating a lower overall recovery 

of grape bagasse phenolics. In addition, the reduced extract amounts obtained by SFE 

limited further chemical characterization within the scope of this study. Therefore, total 

phenolic content (TPC), total anthocyanin content (TAC), and antioxidant activity (ABTS) 

were evaluated only for PLE extracts, while SFE was assessed based on extraction yield. 

The fitted regression models and statistical parameters for SFE and PLE are summa-

rized in Table 2. All models presented satisfactory coefficients of determination (R2 = 0.88–

0.94) and non-significant lack of fit (p > 0.05), indicating adequate representation of the 

experimental data. 

The complete experimental design and corresponding response values are provided 

in the Supplementary Materials (Tables S1 and S2), together with the complete ANOVA 

tables for all fitted models (Tables S3–S7). 

Table 2. Predictive models obtained from the Box–Behnken experimental designs for supercritical 

fluid extraction (SFE) and pressurized liquid extraction (PLE), including extraction yield, total phe-

nolic content (TPC), total anthocyanin content (TAC), and antioxidant activity (ABTS). Coefficients 

of determination (R2) and lack-of-fit p-values are also presented. The models are expressed in terms 

of coded variables. For SFE, x1 = temperature, x2 = pressure, and x3 = ethanol-to-solid ratio. For PLE, 

x1 = temperature, x2 = ethanol concentration, and x3 = liquid-to-solid ratio. 

Method Response Model R2 
Lack of Fit p-

Value 

SFE Yield (%) = 6.32 + 1.74(x1) + 1.27(x3) 0.98 0.2474 

PLE 

Yield (%) = 14.92 + 2.08(x1)  −  1.18(x2)  −  0.74(x1)2 0.92 0.1604 

TPC (mg GAE g−1) = 84.97 −  30.92(x2) + 9.35(x2)2 + 8.85(x3)2  −  14.46(x1)(x3) 0.94 0.1357 

TAC (mg CY g−1) = 15.67 −  5.21(x2) + 3.59(x2)2 + 5.50(x1)(x2) + 3.71(x2)(x3) 0.89 0.0794 

ABTS (μmol TE g−1) = 857.00 + 190.65(x1)  −  254.93(x2) + 167.56(x2)2 + 126.85(x3)2 0.88 0.1338 
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For SFE, extraction yield was significantly influenced by temperature and ethanol-

to-solid ratio. These variables affected the extraction performance; however, the overall 

yields remained lower compared to PLE, reflecting the limited capacity of supercritical 

CO2 to solubilize highly polar compounds. 

For PLE, the evaluated variables showed distinct effects depending on the response. 

Extraction yield was mainly influenced by temperature, with higher temperatures pro-

moting increased extraction yields. A similar effect was observed for antioxidant activity 

(ABTS), indicating that temperature also plays an important role in enhancing the extrac-

tion of antioxidant compounds. In contrast, temperature did not show a significant effect 

on TPC and TAC, indicating that phenolic recovery was more dependent on solvent com-

position and interactions between variables. Extraction yield ranged from 11.7 to 19.0%, 

with the highest value obtained at 80 °C, 70% ethanol, and a liquid-to-solid ratio of 33.33 

mL/g. Total phenolic content varied between 32.1 and 129.0 mg GAE g−1, while TAC 

ranged from 3.2 to 25.8 mg CY g−1. Antioxidant activity (ABTS) values ranged from 324 to 

1556 μmol TE g−1. 

Response surface plots were constructed for extraction yield and TPC in PLE (Figure 

2). The results confirm that temperature is a key factor for increasing extraction yield, 

whereas TPC was primarily influenced by ethanol concentration and liquid-to-solid ratio, 

both showing significant quadratic effects. 

Additional response surface plots for all evaluated responses and variable combina-

tions are presented in the Supplementary Materials (Figures S2–S6). 

  
(a) (b) 

Figure 2. Response surface plots obtained for pressurized liquid extraction (PLE): (a) extraction 

yield (%) as a function of temperature and ethanol concentration, and (b) total phenolic content 

(TPC, mg GAE g−1) as a function of ethanol concentration and liquid-to-solid ratio. The colored sur-

faces represent the response predicted by the fitted quadratic model, while the blue circles indicate 

the experimental design points. 

The response surface plots demonstrate the importance of properly selecting extrac-

tion conditions, since significant variations in extraction yield and phenolic recovery were 

observed depending on the combination of process variables. In particular, the presence 

of quadratic effects and curved response surfaces indicates that extreme conditions do not 

necessarily maximize phenolic recovery, reinforcing the relevance of process optimization 

for balancing extraction yield and selectivity. 

2.3. Subcritical Water Extraction 

https://doi.org/10.3390/molecules31132314


Molecules 2026, 31, 2314 6 of 18 
 

https://doi.org/10.3390/molecules31132314 

Subcritical water extraction (SWE) was evaluated at 80, 100, and 120 °C, under fixed 

pressure and liquid-to-solid ratio conditions corresponding to the central values used in 

PLE. The extraction yield increased with temperature, with the highest value obtained at 

120 °C (Table 3). 

Table 3. Extraction yield, total phenolic content (TPC), total anthocyanin content (TAC), and anti-

oxidant activity (ABTS) of extracts obtained by subcritical water extraction (SWE) at different tem-

peratures. 

Temperature (°C) 
Yield 

(%) 

TPC  

(mg GAE g−1) 

TAC  

(mg CY g−1) 

ABTS  

(μmol TE g−1) 

80 22.6 ± 1.3 53.9 ± 0.9 10.3 ± 2.0 731 ± 31 

100 24.5 ± 0.2 76.6 ± 0.2 8.9 ± 1.5 887 ± 7 

120 26.7 ± 0.8 103.9 ± 1.0 5.8 ± 1.3 1125 ± 24 

Increasing SWE temperature promoted higher extraction yields, TPC, and antioxi-

dant activity. However, the increase in extraction yield was more pronounced than that 

observed for PLE (26.7% versus 19.0%, respectively), while comparable TPC and antioxi-

dant activity values were maintained. These results suggest the co-extraction of additional 

highly polar compounds under SWE conditions. In contrast, anthocyanin contents de-

creased at higher temperatures, indicating the thermal sensitivity of these compounds. 

Based on these results, SWE at 120 °C was selected for the sequential extraction ap-

proach, aiming to recover remaining polar compounds after the initial extraction step. 

2.4. Performance of Sequential Extraction Strategies 

Sequential extraction strategies were evaluated to explore the potential of combining 

extraction techniques with different selectivity. Two approaches were investigated: a low-

pressure (↓P) sequence based on Soxhlet extraction with solvents of increasing polarity, 

and a high-pressure (↑P) sequence combining PLE and SWE (Table 4). 

Table 4. Extraction yield, total phenolic content (TPC), total anthocyanin content (TAC), and anti-

oxidant activity (ABTS) obtained from sequential extraction strategies using low-pressure (↓P) and 

high-pressure (↑P) extraction routes applied to grape bagasse. 

 Method 
Yield 

(%) 

TPC  

(mg GAE g−1) 

TAC  

(mg CY g−1) 

ABTS  

(μmol TE g−1) 

↓P 

(1º) SOX 

(EtOH 70%) 
17.8 ± 0.8 100.3 ± 0.9 11.5 ± 0.8 1358 ± 31 

(2º) SOX 

(Water) 
24.2 ± 1.7 45.3 ± 0.1 0.2 ± 0.1 891 ± 21 

TOTAL: 42.0 ± 1.9 145.6 ± 1.0 11.7 ± 0.8 2249 ± 37 

↑P 

(1º) PLE 

(40 °C; EtOH 50%; L/S 26.67 

mL/g) 

13.5 ± 0.8 129.4 ± 0.6 23.0 ± 0.8 1304 ± 22 

(2º) SWE 

(120 °C) 
18.4 ± 0.3 68.6 ± 0.2 1.8 ± 0.3 1017 ± 14  

TOTAL: 31.9 ± 0.9 198.0 ± 0.7 24.8 ± 0.9 2321 ± 26 

In both cases, the first extraction step accounted for most of the phenolic compounds 

and antioxidant activity, whereas the second step mainly increased the overall extraction 

yield, with limited changes in TPC and antioxidant activity and only negligible anthocy-

anin recovery, suggesting that water extraction under Soxhlet or subcritical conditions 

may have promoted the recovery of highly polar non-phenolic compounds. 
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Although the low-pressure sequential route resulted in higher overall extraction 

yield, the high-pressure route provided higher overall TPC, TAC, and antioxidant activ-

ity, indicating greater selectivity toward phenolic compounds, while Soxhlet extraction 

favored the recovery of other polar constituents. 

3. Discussion 

The results obtained in this study highlight the strong influence of solvent properties 

on the extraction of compounds from grape bagasse. The higher extraction yields ob-

served for PLE compared to SFE are consistent with the polarity of the solvent system 

employed. Although ethanol was used as a co-extractant in SFE to enhance the extraction 

of polar compounds, its effect is limited by the predominance of supercritical CO2 in the 

solvent mixture, which restricts the overall polarity of the system [16]. In contrast, PLE 

employs ethanol as the main solvent under pressurized conditions, providing a more suit-

able environment for the solubilization of phenolic compounds [29,30]. This behavior is 

consistent with the composition of grape bagasse, in which phenolic compounds are 

mainly associated with the skins and seeds and are more effectively recovered using polar 

solvents [3,10]. 

Temperature also played a relevant role in the extraction process. For both PLE and 

SWE, increasing temperature led to higher extraction yields. In PLE, temperature showed 

a significant positive effect on extraction yield but did not significantly influence TPC. In 

SWE, increasing temperature promoted higher extraction yields as well as increases in 

phenolic content and antioxidant activity. However, the increase in extraction yield was 

more pronounced than that observed for PLE, while comparable TPC and antioxidant ac-

tivity values were maintained between both techniques. These results suggest that ele-

vated SWE temperatures favor not only the extraction of phenolic compounds, but also 

the recovery of additional highly polar non-phenolic constituents. In contrast, anthocya-

nin content decreased at higher temperatures, reflecting the instability of these com-

pounds under more severe thermal conditions, as reported by Yammine et al. (2020), 

Castañeda-Ovando et al. (2009) and Patras et al. (2010) [24,31,32]. Similar effects of tem-

perature on mass transfer and selectivity have been reported for plant matrices, where 

higher temperatures reduce solvent viscosity and increase diffusivity, but may also pro-

mote the co-extraction of non-target compounds [20,23,33,34]. 

This behavior highlights the trade-off between extraction yield and selectivity. While 

water-based extractions (Soxhlet and SWE) resulted in higher overall yields, they showed 

limited selectivity toward phenolic compounds. The increase in yield observed under 

these conditions is likely associated with the extraction of highly polar compounds, in-

cluding soluble sugars and other low-molecular-weight constituents present in grape ba-

gasse [10,35,36]. This interpretation is also supported by the proximate composition of the 

grape bagasse used in this study, which showed a predominance of carbohydrates and 

dietary fiber, components that may contribute directly or indirectly to the recovery of po-

lar constituents during aqueous extraction processes. Although the present study focused 

on global parameters related to phenolic recovery and antioxidant activity, further chro-

matographic characterization could provide more detailed information regarding the 

composition of the extracts and the compounds co-extracted during the process. In con-

trast, the use of ethanol or ethanol–water mixtures provided a better balance between 

yield and phenolic recovery, reinforcing the importance of solvent polarity in defining 

extraction selectivity [12,37–39]. 

In addition to solvent composition, the liquid-to-solid ratio also influenced phenolic 

recovery during PLE. The significant quadratic effect observed for this variable indicates 

that both insufficient and excessive solvent volumes may limit extraction efficiency, 

demonstrating the importance of an appropriate balance between solvent availability and 
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extract dilution for maximizing phenolic recovery. According to Rodrigues et al. (2023) 

[12], phenolic extraction is favored at intermediate liquid-to-solid ratios, close to 24 mL/g. 

Very low L/S ratios may impair extraction due to premature solvent saturation, limited 

compound diffusion, and increased mixture viscosity, whereas excessively high L/S ratios 

may promote excessive dilution of the extracted compounds, reducing the extraction driv-

ing force and increasing operational costs. 

The influence of extraction selectivity was further evidenced by the sequential extrac-

tion strategies, which promoted the fractionation of compounds according to their polar-

ity. In both low- and high-pressure approaches, the first extraction step, performed under 

conditions favoring phenolic recovery, accounted for most of the phenolic compounds 

and antioxidant activity. The second step, particularly when using water, primarily con-

tributed to an increase in overall extraction yield, with minor effects on TPC and antioxi-

dant activity. This pattern indicates that phenolic compounds were preferentially recov-

ered in the first stage, while more polar constituents were extracted in subsequent steps. 

This behavior is consistent with the known influence of solvent properties on extraction 

selectivity, as reported for lignocellulosic biomasses [23,30,40,41]. From a practical per-

spective, this observation suggests that extraction processes targeting phenolic com-

pounds may not require exhaustive extraction steps to achieve high recoveries. Since most 

phenolic compounds were recovered during the first extraction stage, the second step pri-

marily contributed to biomass fractionation and overall yield rather than to the recovery 

of bioactive phenolics. This finding may be relevant for process optimization, as it indi-

cates that extraction time, solvent consumption, and energy demand could potentially be 

reduced when the primary objective is the recovery of phenolic-rich fractions. Conversely, 

the subsequent aqueous extraction step may be advantageous when a broader utilization 

of the biomass is desired, enabling the recovery of additional polar constituents within a 

biorefinery approach. 

In addition, the high-pressure sequential route showed greater selectivity toward 

phenolic compounds than the low-pressure Soxhlet-based route. Although the Soxhlet se-

quence resulted in higher overall extraction yield, the PLE–SWE sequence provided 

higher overall TPC, TAC, and antioxidant activity, indicating a more selective recovery of 

bioactive phenolic compounds. This behavior can be attributed to the enhanced mass 

transfer and solvent penetration promoted under pressurized conditions, which improve 

the accessibility of phenolic compounds within the lignocellulosic matrix while reducing 

the extensive co-extraction of other highly polar constituents commonly observed in pro-

longed Soxhlet extractions with water [13,42,43]. 

From a broader perspective, these findings indicate that extraction strategies can be 

tailored according to the target compounds and desired outcomes. Conditions that favor 

intermediate solvent polarity are more suitable for the selective recovery of phenolic com-

pounds, whereas more polar systems promote higher overall yields due to the extraction 

of additional constituents. In this context, sequential extraction represents a viable strat-

egy for the fractionation and valorization of grape bagasse, allowing the recovery of dif-

ferent classes of compounds within a single processing scheme, in line with the biorefinery 

concept [9,44,45]. 

Nevertheless, the industrial implementation of pressurized extraction technologies 

still depends on operational and economic factors, including equipment cost, energy de-

mand, solvent consumption, and process integration. Since these aspects were beyond the 

scope of the present study, future investigations should include techno-economic and sus-

tainability assessments to support industrial implementation. Therefore, the selection of 

extraction strategies should consider not only extraction efficiency and selectivity, but also 

scalability and process feasibility for large-scale applications. 
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The present study also has some limitations that should be acknowledged. The eval-

uation of extraction performance was based on global parameters, including total phe-

nolic content, total anthocyanin content, and antioxidant activity, which are suitable for 

comparing the overall performance of the extraction strategies but do not allow the iden-

tification and quantification of individual compounds. Therefore, although the results in-

dicate differences in extraction selectivity among the evaluated techniques, chromato-

graphic analyses such as HPLC-DAD or LC-MS would provide a more comprehensive 

characterization of the extracts and a deeper understanding of the specific phenolic com-

pounds recovered under each extraction condition. Furthermore, the sequential extraction 

strategies evaluated in this study were designed to maximize the recovery and fractiona-

tion of phenolic compounds and did not include an initial defatting step. From a biorefin-

ery perspective, future studies could investigate the incorporation of a preliminary non-

polar extraction stage to recover lipophilic compounds prior to the hydroethanolic and 

aqueous extraction steps, enabling a more comprehensive valorization of grape bagasse. 

Furthermore, the experiments were performed using grape bagasse obtained from a 

single grape variety and source, and therefore the results should be interpreted within 

this specific context. Additional studies involving different grape varieties and cultivation 

conditions would contribute to evaluating the broader applicability of the proposed ex-

traction strategies. Economic feasibility, energy consumption, and scale-up aspects were 

beyond the scope of the present study and should also be investigated in future work. 

Finally, the results reported here are based on a single grape variety obtained from a 

single source. Although this approach ensured experimental consistency, further studies 

involving different grape cultivars and production regions would contribute to assessing 

the broader applicability of the proposed extraction strategies. 

4. Materials and Methods 

4.1. Raw Material and Centesimal Composition 

Grape bagasse, consisting predominantly of skins, seeds, and residual pulp, with the 

presence of small amounts of stems, was obtained as a donation from the winery “Vô 

Vito”, located in São José dos Pinhais, PR, Brazil. The raw material originated from Bordô 

grapes (Vitis labrusca) cultivated in the Serra Gaúcha region, specifically in the Fazenda 

Souza district, Caxias do Sul, RS, Brazil. 

The grape bagasse was dried in a tray dryer with forced air circulation (Fabbe, São 

Paulo, Brazil) at 60 °C for 24 h until reaching a moisture content below 5%. The dried 

material was then ground using a commercial blender. The samples were vacuum-packed 

in polyethylene bags and stored at −18 °C until further use. 

Grape bagasse samples were characterized by AOAC methods [46–48], with mois-

ture content of 4.54 ± 0.07% (method 926.12) [46] and total protein content of 11.28 ± 1.66% 

(method 928.08), for nitrogen-protein correspondence factor of 6.25 [47]. The ash content 

was 7.17 ± 0.45% (method 900.02) [47], fat content of 4.91 ± 0.29% (method 920.39 C) [48] 

and carbohydrates content of 72.10 ± 2.47%, obtained by difference. 

4.2. Chemicals and Reagents 

The analytical standards and reagents used were Folin–Ciocalteu, gallic acid, Trolox 

(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), and ABTS (2,2′-azinobis-(3-

ethylbenzothiazoline-6-sulfonic acid)), purchased from Sigma-Aldrich (Steinheim, Ger-

many). Sodium carbonate, potassium persulfate, potassium chloride, and sodium acetate 

were of analytical grade. CO2 (99.9% purity, White Martins Ltd., Rio de Janeiro,  Brazil), 

ethanol P.A. (Neon, São Paulo, Brazil), and distilled water were used in the preparation 

of the solutions. 
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4.3. Soxhlet Extractions 

Soxhlet extraction was performed as a conventional method to obtain reference data. 

Briefly, 5 g of dried grape bagasse were extracted using 150 mL of solvent in a Soxhlet 

apparatus. The extraction was carried out for 6 h using different solvents, including etha-

nol and ethanol–water mixtures (50% and 70%, v/v), as well as water. Hydroethanolic 

mixtures were selected based on previous studies demonstrating their suitability for the 

extraction of phenolic compounds from grape pomace, providing an appropriate balance 

between solvent polarity and phenolic solubilization [12,37,38]. All experiments were per-

formed in triplicate. 

After extraction, ethanol was removed under reduced pressure using a rotary evap-

orator (Fisaton 802, São Paulo, Brazil). Aqueous extracts were subsequently freeze-dried 

(Liotop L 101, São Carlos, Brazil) to obtain moisture-free extracts. All extracts were stored 

at −18 °C until further analysis. 

The extraction yield (%) was calculated based on the mass of crude extract obtained 

(mextract) and the initial mass of dry sample used in the extraction (msample), according to 

Equation (1). 

Yield(%)=
mextract

msample
×100 (1) 

4.4. Supercritical and Pressurized Liquid Extractions (Box–Behnken Design) 

4.4.1. Experimental Design 

A Box–Behnken design (BBD) was employed to evaluate the effects of process varia-

bles on extraction performance for both supercritical fluid extraction (SFE) and pressur-

ized liquid extraction (PLE). In each case, three independent variables were investigated 

at three levels (−1, 0, and +1). 

For SFE, the evaluated variables were temperature (T, °C), pressure (P, bar), and the 

ethanol-to-solid ratio (E/S, g/g). For PLE, the variables included temperature (T, °C), eth-

anol concentration (EtOH, % v/v), and the liquid-to-solid ratio (L/S, mL/g). The experi-

mental design consisted of 15 runs, including one central point performed in triplicate. 

For SFE, the coded variables were defined as x1 (temperature), x2 (pressure), and x3 

(ethanol-to-solid ratio). For PLE, the coded variables were defined as x1 (temperature), x2 

(ethanol concentration), and x3 (liquid-to-solid ratio). The coding of the independent var-

iables was performed according to Equation (2), where xᵢ is the coded value, Xᵢ is the real 

value of the variable, X0 is the value at the central point, and ΔX represents the step size 

(variation between coded levels). 

xi=
Xi − X0

∆X
 (2) 

The experimental data were fitted to second-order polynomial models, and the sig-

nificance of the model and its terms was evaluated by analysis of variance (ANOVA). All 

statistical analyses were performed using Statistica 12.0 software (StatSoft Inc., Tulsa, OK, 

USA). 

Model adequacy was assessed based on the coefficient of determination (R2) and the 

lack-of-fit test. The coefficient of determination (R2) indicates the proportion of the exper-

imental variability explained by the model, with higher values reflecting a better fit be-

tween predicted and experimental data. The lack-of-fit test evaluates whether the residual 

variation can be attributed to random experimental error; therefore, non-significant lack-

of-fit values (p > 0.05) indicate that the model adequately describes the experimental data 

within the studied experimental domain. 
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4.4.2. Supercritical Fluid Extraction (SFE) 

Supercritical fluid extraction (SFE) was performed using carbon dioxide (CO2) as the 

main solvent and ethanol as co-extractant, as described by Batista et al. (2025) [49] with 

some modifications. The experiments were conducted in a laboratory-scale stainless steel 

high-pressure extractor (22 cm length and 1.9 cm internal diameter), pressurized using a 

high-pressure syringe pump (ISCO, model 500 D, Lincoln, NE, USA). The extraction ves-

sel was connected to a thermostatic bath (Nova Ética, model 521–5D, Vargem Grande Pau-

lista, SP, Brazil) to control the operating temperature. 

The effects of temperature (T, 40, 60, and 80 °C), pressure (P, 100, 175, and 250 bar), 

and ethanol-to-solid ratio (E/S, 0.5:1, 1.25:1, and 2:1 g/g) on the extraction performance 

were evaluated according to the Box–Behnken design described in Section 4.4.1. The SFE 

experimental ranges were selected based on previous studies involving the extraction of 

bioactive compounds from grape pomace and plant matrices using supercritical CO2 mod-

ified with ethanol as co-solvent, aiming to improve the recovery of moderately polar phe-

nolic compounds while maintaining extraction selectivity [15,16,26,49]. 

The extraction procedure consisted of an initial static period of 30 min, followed by 

a dynamic extraction stage of 20 min. The solvent was delivered at a flow rate of 2 

mL·min−1 through the grape bagasse bed. 

The extracts were collected in pre-weighed test tubes and subsequently dried for 

yield determination (Equation (1)). All extracts were stored in amber vials at −18 °C until 

further analysis. 

4.4.3. Pressurized Liquid Extraction (PLE) 

Pressurized liquid extraction (PLE) was performed on a self-assembled apparatus 

described by Gonçalves Rodrigues et al. (2019) [50] using ethanol and ethanol–water mix-

tures as extraction solvent. The experiments were carried out in a stainless-steel extraction 

cell (25 mm internal diameter and 180 mm height). The solvent was delivered using an 

HPLC pump (Waters, model 515, Milford, MA, USA), and the system pressure was main-

tained at 10 MPa using a needle valve (HiP, model 20–11LF4, Erie, PA, USA). 

The effects of temperature (T, 40, 60, and 80 °C), ethanol concentration (EtOH, 50, 70, 

and 100% v/v), and liquid-to-solid ratio (L/S, 20, 26.67, and 33.33 mL/g) on the extraction 

performance were evaluated according to the Box–Behnken design described in Section 

4.4.1. The liquid-to-solid ratio was controlled by adjusting the solvent flow rate. The se-

lected temperature, ethanol concentration, and liquid-to-solid ratio ranges were based on 

studies reporting the recovery of phenolic compounds from grape pomace and plant ma-

trices under pressurized conditions. The selected conditions aimed to evaluate the balance 

between extraction yield and phenolic selectivity while avoiding excessive thermal deg-

radation of anthocyanins [29,30]. 

The experiments were performed in continuous mode for 20 min. In each run, 3 g of 

grape bagasse were mixed with approximately 60 g of glass beads and loaded into the 

extraction cell to ensure proper solvent distribution and prevent channeling. 

The extracts obtained were subjected to the same post-processing procedure de-

scribed for Soxhlet extraction, including solvent removal by rotary evaporation (for etha-

nol), followed by freeze-drying to remove water. The extraction yield was calculated ac-

cording to Equation (1), and the dried extracts were stored at −18 °C until further analysis. 

It should be noted that the extraction techniques evaluated in this study operate un-

der different solvent delivery mechanisms and process configurations. In SFE, ethanol 

was used as a confined co-extractant in combination with flowing supercritical CO2, 

whereas in PLE the extraction solvent continuously flowed through the extraction cell. 

Consequently, the liquid-to-solid ratio is not directly comparable among the different ex-

traction techniques, and the selected conditions were constrained by both the operational 
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characteristics of each process and equipment limitations. Therefore, the results should be 

interpreted as a comparison of extraction performance among different technologies ra-

ther than as a direct assessment of solvent-to-solid ratio effects across methods. 

4.5. Subcritical Water Extraction (SWE) 

Subcritical water extraction (SWE) was performed using distilled water as extraction 

solvent, employing the same experimental apparatus and bed configuration described for 

PLE (3 g of grape bagasse mixed with approximately 60 g of glass beads) (Section 4.4.3.) 

The experiments were carried out at three temperatures (80, 100, and 120 °C), using 

the central flow rate and liquid-to-solid ratio (L/S) of the PLE experimental design (4 

mL·min−1 and 26.67 mL/g, respectively). The extraction was performed in continuous 

mode for 20 min. The temperatures were selected according to previous studies on pres-

surized hot water extraction of phenolic compounds from winery by-products and plant 

matrices, considering the effect of temperature on water polarity, mass transfer, and ex-

traction selectivity [20,23,33]. 

Extracts obtained were subjected to freeze-drying to remove water. The extraction 

yield was calculated according to Equation (1), and the dried extracts were stored at −18 

°C until further analysis. All experiments were performed in duplicate. 

4.6. Sequential Extractions 

Sequential extractions were performed to promote the fractionation of soluble com-

pounds present in grape bagasse by recovering distinct extract fractions. The procedure 

consisted of an initial extraction step using a hydroethanolic solvent, followed by a second 

step employing pure water. After the first extraction step, the residual biomass was dried 

in an oven at 60 °C for 24 h to remove residual solvent before being subjected to the sub-

sequent extraction stage. 

Two extraction routes were evaluated using this solvent sequence: a low-pressure 

approach based on Soxhlet extraction and a high-pressure approach combining pressur-

ized liquid extraction (PLE) and subcritical water extraction (SWE). 

The operating conditions for the first extraction step in both routes were defined 

based on the highest total phenolic content (TPC) obtained in the respective single-step 

experiments, corresponding to 70% ethanol for Soxhlet and PLE at 40 °C using 50% etha-

nol and a liquid-to-solid ratio (L/S) of 26.67 mL/g. 

In the high-pressure route, the second step (SWE) was conducted at 120 °C (main-

taining the same L/S), a condition previously associated with the highest extraction yield 

in SWE experiments. 

The extracts obtained were subjected to freeze-drying to remove water. The extrac-

tion yield was calculated according to Equation (1) and the dried extracts were stored at 

−18 °C until further analysis. 

4.7. Chemical Characterization 

The chemical characterization of the extracts was performed by determining total 

phenolic content (TPC), total anthocyanin content (TAC), and antioxidant activity (ABTS 

assay). All analyses were carried out in triplicate. 

Stock solutions were prepared by dissolving 10 mg of each extract in 1 mL of the 

same solvent used during the corresponding extraction procedure. The solutions were 

stored at −18 °C throughout the analytical period. When necessary, additional dilutions 

were performed to ensure that the absorbance values fell within the calibration ranges of 

the respective analytical methods. 
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4.7.1. Total Phenolic Content (TPC) 

The total phenolic content (TPC) was determined using the Folin–Ciocalteu method, 

according to Singleton et al. (1999) [51], with minor adaptations. Briefly, 10 μL of appro-

priately diluted extract were mixed with 600 μL of distilled water and 50 μL of Folin–

Ciocalteu reagent. After 1 min, 150 μL of 20% (w/v) sodium carbonate solution were 

added, followed by 190 μL of distilled water. The mixture was vortexed and kept in the 

dark for 2 h. 

An aliquot of 300 μL was transferred to a microplate (in triplicate), and the absorb-

ance was measured at 760 nm using a spectrophotometer (Agilent, Epoch-BioTek, Winoo-

ski, VT, USA). 

Quantification was performed using a gallic acid calibration curve, and the results 

were expressed as mg of gallic acid equivalents per gram of dry extract (mg GAE g−1). 

4.7.2. Total Anthocyanin Content (TAC) 

The total anthocyanin content (TAC) was determined by the pH differential method, 

as described by Giusti and Wrolstad (2001) [52]. Extracts were diluted in buffer solutions 

at pH 1.0 (potassium chloride, 0.025 mol/L) and pH 4.5 (sodium acetate, 0.4 mol/L). 

Aliquots of 20 μL of extract were mixed with 280 μL of each buffer solution in a mi-

croplate (in triplicate). Absorbance was measured at 520 and 700 nm using a spectropho-

tometer (Agilent, Epoch-BioTek, Winooski, VT, USA). 

The total monomeric anthocyanin content was calculated and expressed as mg of 

cyanidin-3-O-glucoside equivalents per gram of dry extract (mg CY g−1). 

4.7.3. Antioxidant Activity (ABTS Assay) 

The antioxidant activity was determined using the ABTS radical cation decoloriza-

tion assay, according to Re et al. (1999) [53]. The ABTS•+ radical was generated by reacting 

ABTS (7 mmol/L) with potassium persulfate (2.45 mmol/L) and allowing the mixture to 

stand in the dark at room temperature for 16 h. 

The solution was diluted with distilled water to obtain an absorbance of 0.70 ± 0.02 

at 734 nm. For the assay, 20 μL of diluted extract were added to 280 μL of ABTS solution 

in a microplate (in triplicate). After 30 min in the dark, the absorbance was measured at 

734 nm (Agilent, Epoch-BioTek, Winooski, VT, USA). 

The results were expressed as μmol of Trolox equivalents per gram of dry extract 

(μmol TE g−1), based on a Trolox calibration curve. 

5. Conclusions 

The extraction technique and solvent system strongly influenced the recovery of bi-

oactive compounds from grape bagasse. Hydroethanolic extractions showed greater se-

lectivity toward phenolic compounds, while water-based extractions provided higher ex-

traction yields associated with the recovery of additional highly polar compounds. 

Among the pressurized techniques, PLE resulted in higher extraction yields than SFE, 

whereas SWE promoted higher extraction yields with comparable TPC and antioxidant 

activity values relative to PLE, which may be associated with the co-extraction of addi-

tional polar constituents beyond phenolic compounds. Higher SWE temperatures also led 

to lower anthocyanin contents, demonstrating the susceptibility of these compounds to 

elevated temperatures. 

Sequential extraction strategies demonstrated the potential for fractionating grape 

bagasse components according to their polarity. In both low- and high-pressure routes, 

the first extraction step accounted for most of the phenolic recovery and antioxidant ac-

tivity, while the second aqueous step mainly increased the overall extraction yield. The 
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sequential PLE–SWE approach resulted in the highest overall TPC and antioxidant activ-

ity, highlighting its potential for grape bagasse valorization within a biorefinery context. 

These findings demonstrate that the selection and combination of extraction technol-

ogies can be tailored according to the desired product profile, enabling the selective re-

covery of bioactive compounds while maximizing biomass utilization. By systematically 

comparing conventional, supercritical, and pressurized extraction technologies, as well as 

their application in sequential fractionation strategies, this study provides insights into 

the relationship between extraction conditions, selectivity, and phenolic recovery from 

grape bagasse. The superior performance of the PLE–SWE sequence highlights the poten-

tial of integrating pressurized extraction technologies for biomass valorization within a 

biorefinery framework. Although the PLE–SWE strategy showed the most promising per-

formance for phenolic recovery, future studies should evaluate its economic viability, en-

ergy requirements, solvent consumption, and scalability in order to support industrial 

implementation. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/molecules31132314/s1, Figure S1: Extraction kinetics fitted 

by the PieceWise model in Origin software for the different extraction methods: (a) Supercritical 

Fluid Extraction (SFE), (b) Pressurized Liquid Extraction (PLE), and (c) Subcritical Water Extraction 

(SWE). The PieceWise model divides the extraction process into three distinct phases: Constant Ex-

traction Rate (CER), characterized by rapid extraction controlled by solute convection from the par-

ticle surface; Falling Extraction Rate (FER), associated with a gradual decrease in mass transfer due 

to partial depletion of readily accessible solutes; and Diffusion-Controlled Rate (DCR), in which 

extraction is governed by the diffusion of remaining solutes from the solid matrix interior.; Table 

S1: Experimental responses of extraction yield obtained from the Box–Behnken Design (BBD) ap-

plied to the Supercritical Fluid Extraction (SFE) method.; Table S2: Experimental responses of ex-

traction yield, total phenolic content (TPC), total anthocyanin content (TAC), and antioxidant activ-

ity determined by the ABTS assay obtained from the Box–Behnken Design (BBD) applied to the 

Pressurized Liquid Extraction (PLE) method.; Table S3: ANOVA for the quadratic model fitted to 

extraction yield obtained from the Box–Behnken Design (BBD) for the SFE process.; Table S4: 

ANOVA for the quadratic model fitted to extraction yield obtained from the Box–Behnken Design 

(BBD) for the PLE process.; Table S5: ANOVA for the quadratic model fitted to total phenolic content 

(TPC) obtained from the Box–Behnken Design (BBD) for the PLE process.; Table S6: ANOVA for the 

quadratic model fitted to total anthocyanin content (TAC) obtained from the Box–Behnken Design 

(BBD) for the PLE process.; Table S7: ANOVA for the quadratic model fitted to antioxidant activity 

(ABTS) obtained from the Box–Behnken Design (BBD) for the PLE process. Figure S2: Response 

surface plots obtained from the Box–Behnken Design (BBD) for the extraction yield response of the 

Supercritical Fluid Extraction (SFE) process: (a) effect of pressure and temperature; (b) effect of eth-

anol-to-solid ratio (E/S) and temperature; and (c) effect of ethanol-to-solid ratio (E/S) and pressure.; 

Figure S3: Response surface plots obtained from the Box–Behnken Design (BBD) for the extraction 

yield response of the Pressurized Liquid Extraction (PLE) process: (a) effect of ethanol concentration 

(EtOH%) and temperature; (b) effect of liquid-to-solid ratio (L/S) and temperature; and (c) effect of 

liquid-to-solid ratio (L/S) and ethanol concentration (EtOH%).; Figure S4: Response surface plots 

obtained from the Box–Behnken Design (BBD) for the total phenolic content (TPC) response of the 

Pressurized Liquid Extraction (PLE) process: (a) effect of ethanol concentration (EtOH%) and tem-

perature; (b) effect of liquid-to-solid ratio (L/S) and temperature; and (c) effect of liquid-to-solid ratio 

(L/S) and ethanol concentration EtOH (% v/v); Figure S5: Response surface plots obtained from the 

Box–Behnken Design (BBD) for the total anthocyanin content (TAC) response of the Pressurized 

Liquid Extraction (PLE) process: (a) effect of ethanol concentration (EtOH%) and temperature; (b) 

effect of liquid-to-solid ratio (L/S) and temperature; and (c) effect of liquid-to-solid ratio (L/S) and 

ethanol concentration (EtOH%).; Figure S6: Response surface plots obtained from the Box–Behnken 
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Design (BBD) for the antioxidant activity (ABTS) response of the Pressurized Liquid Extraction 

(PLE) process: (a) effect of ethanol concentration (EtOH%) and temperature; (b) effect of liquid-to-

solid ratio (L/S) and temperature; and (c) effect of liquid-to-solid ratio (L/S) and ethanol concentra-

tion (EtOH%). 
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CY Cyanidin equivalents 

GAE Gallic acid equivalents 

PLE Pressurized liquid extraction 

SFE Supercritical fluid extraction 

SWE Subcritical water extraction 

TAC Total anthocyanin content 

TE Trolox equivalents 

TPC Total phenolic content 

References 

1. Rockenbach, I.I.; Gonzaga, L.V.; Rizelio, V.M.; Gonçalves, A.E.d.S.S.; Genovese, M.I.; Fett, R. Phenolic Compounds and Antiox-

idant Activity of Seed and Skin Extracts of Red Grape (Vitis vinifera and Vitis labrusca) Pomace from Brazilian Winemaking. Food 

Res. Int. 2011, 44, 897–901. https://doi.org/10.1016/J.FOODRES.2011.01.049. 

2. Fontana, A.R.; Antoniolli, A.; Bottini, R. Grape Pomace as a Sustainable Source of Bioactive Compounds: Extraction, Character-

ization, and Biotechnological Applications of Phenolics. J. Agric. Food Chem. 2013, 61, 8987–9003. 

https://doi.org/10.1021/JF402586F. 

3. Bordiga, M.; Travaglia, F.; Locatelli, M. Valorisation of Grape Pomace: An Approach That Is Increasingly Reaching Its Ma-

turity—A Review. Int. J. Food Sci. Technol. 2019, 54, 933–942. https://doi.org/10.1111/IJFS.14118. 

4. Lopes, J.d.C.; Madureira, J.; Margaça, F.M.A.; Cabo Verde, S. Grape Pomace: A Review of Its Bioactive Phenolic Compounds, 

Health Benefits, and Applications. Molecules 2025, 30, 362. https://doi.org/10.3390/MOLECULES30020362. 

5. Almanza-Oliveros, A.; Bautista-Hernández, I.; Castro-López, C.; Aguilar-Zárate, P.; Meza-Carranco, Z.; Rojas, R.; Michel, M.R.; 

Martínez-Ávila, G.C.G. Grape Pomace—Advances in Its Bioactivity, Health Benefits, and Food Applications. Foods 2024, 13, 

580. https://doi.org/10.3390/FOODS13040580. 

6. Dwyer, K.; Hosseinian, F.; Rod, M. The Market Potential of Grape Waste Alternatives. J. Food Res. 2014, 3, 91. 

https://doi.org/10.5539/jfr.v3n2p91. 

https://doi.org/10.3390/molecules31132314


Molecules 2026, 31, 2314 16 of 18 
 

https://doi.org/10.3390/molecules31132314 

7. Pinelo, M.; Arnous, A.; Meyer, A.S. Upgrading of Grape Skins: Significance of Plant Cell-Wall Structural Components and Ex-

traction Techniques for Phenol Release. Trends Food Sci. Technol. 2006, 17, 579–590. https://doi.org/10.1016/J.TIFS.2006.05.003. 

8. Dai, J.; Mumper, R.J. Plant Phenolics: Extraction, Analysis and Their Antioxidant and Anticancer Properties. Molecules 2010, 15, 

7313–7352. 

9. Beres, C.; Costa, G.N.S.; Cabezudo, I.; da Silva-James, N.K.; Teles, A.S.C.; Cruz, A.P.G.; Mellinger-Silva, C.; Tonon, R.V.; Cabral, 

L.M.C.; Freitas, S.P. Towards Integral Utilization of Grape Pomace from Winemaking Process: A Review. Waste Manag. 2017, 

68, 581–594. https://doi.org/10.1016/J.WASMAN.2017.07.017. 

10. Karastergiou, A.; Gancel, A.L.; Jourdes, M.; Teissedre, P.L. Valorization of Grape Pomace: A Review of Phenolic Composition, 

Bioactivity, and Therapeutic Potential. Antioxidants 2024, 13, 1131. https://doi.org/10.3390/ANTIOX13091131. 

11. Casazza, A.A.; Aliakbarian, B.; Mantegna, S.; Cravotto, G.; Perego, P. Extraction of Phenolics from Vitis Vinifera Wastes Using 

Non-Conventional Techniques. J. Food Eng. 2010, 100, 50–55. https://doi.org/10.1016/J.JFOODENG.2010.03.026. 

12. Rodrigues, R.P.; Sousa, A.M.; Gando-Ferreira, L.M.; Quina, M.J. Grape Pomace as a Natural Source of Phenolic Compounds: 

Solvent Screening and Extraction Optimization. Molecules 2023, 28, 2715. https://doi.org/10.3390/MOLECULES28062715. 

13. Azmir, J.; Zaidul, I.S.M.; Rahman, M.M.; Sharif, K.M.; Mohamed, A.; Sahena, F.; Jahurul, M.H.A.; Ghafoor, K.; Norulaini, 

N.A.N.; Omar, A.K.M. Techniques for Extraction of Bioactive Compounds from Plant Materials: A Review. J. Food Eng. 2013, 

117, 426–436. https://doi.org/10.1016/J.JFOODENG.2013.01.014. 

14. Herrero, M.; Cifuentes, A.; Ibañez, E. Sub- and Supercritical Fluid Extraction of Functional Ingredients from Different Natural 

Sources: Plants, Food-by-Products, Algae and Microalgae: A Review. Food Chem. 2006, 98, 136–148. 

https://doi.org/10.1016/J.FOODCHEM.2005.05.058. 

15. Reverchon, E.; De Marco, I. Supercritical Fluid Extraction and Fractionation of Natural Matter. J. Supercrit. Fluids 2006, 38, 146–

166. https://doi.org/10.1016/J.SUPFLU.2006.03.020. 

16. Casas, L.; Mantell, C.; Rodríguez, M.; de la Ossa, E.J.M.; Roldán, A.; Ory, I. De; Caro, I.; Blandino, A. Extraction of Resveratrol 

from the Pomace of Palomino Fino Grapes by Supercritical Carbon Dioxide. J. Food Eng. 2010, 96, 304–308. 

https://doi.org/10.1016/J.JFOODENG.2009.08.002. 

17. Farías-Campomanes, A.M.; Rostagno, M.A.; Meireles, M.A.A. Production of Polyphenol Extracts from Grape Bagasse Using 

Supercritical Fluids: Yield, Extract Composition and Economic Evaluation. J. Supercrit. Fluids 2013, 77, 70–78. 

https://doi.org/10.1016/J.SUPFLU.2013.02.006. 

18. Richter, B.E.; Jones, B.A.; Ezzell, J.L.; Porter, N.L.; Avdalovic, N.; Pohl, C. Accelerated Solvent Extraction: A Technique for Sam-

ple Preparation. Anal. Chem. 1996, 68, 1033–1039. https://doi.org/10.1021/AC9508199. 

19. Alvarez-Rivera, G.; Bueno, M.; Ballesteros-Vivas, D.; Mendiola, J.A.; Ibañez, E. Pressurized Liquid Extraction. In Liquid-Phase 

Extraction; Elsevier: Amsterdam, The Netherlands, 2020; pp. 375–398. https://doi.org/10.1016/B978-0-12-816911-7.00013-X. 

20. Teo, C.C.; Tan, S.N.; Yong, J.W.H.; Hew, C.S.; Ong, E.S. Pressurized Hot Water Extraction (PHWE). J. Chromatogr. A 2010, 1217, 

2484–2494. https://doi.org/10.1016/J.CHROMA.2009.12.050. 

21. Ko, M.J.; Cheigh, C.I.; Chung, M.S. Relationship Analysis between Flavonoids Structure and Subcritical Water Extraction (SWE). 

Food Chem. 2014, 143, 147–155. https://doi.org/10.1016/J.FOODCHEM.2013.07.104. 

22. Singh, P.P.; Saldaña, M.D.A. Subcritical Water Extraction of Phenolic Compounds from Potato Peel. Food Res. Int. 2011, 44, 2452–

2458. https://doi.org/10.1016/J.FOODRES.2011.02.006. 

23. Plaza, M.; Turner, C. Pressurized Hot Water Extraction of Bioactives. TrAC Trends Anal. Chem. 2015, 71, 39–54. 

https://doi.org/10.1016/J.TRAC.2015.02.022. 

24. Yammine, S.; Delsart, C.; Vitrac, X.; Peuchot, M.M.; Ghidossi, R. Characterisation of Polyphenols and Antioxidant Potential of 

Red and White Pomace By-Product Extracts Using Subcritical Water Extraction. OENO One 2020, 54, 263–278. 

https://doi.org/10.20870/OENO-ONE.2020.54..2346. 

25. Ju, Z.Y.; Howard, L.R. Subcritical Water and Sulfured Water Extraction of Anthocyanins and Other Phenolics from Dried Red 

Grape Skin. J. Food Sci. 2005, 70, S270–S276. https://doi.org/10.1111/J.1365-2621.2005.TB07202.X. 

26. King, J.W.; Srinivas, K. Multiple Unit Processing Using Sub- and Supercritical Fluids. J. Supercrit. Fluids 2009, 47, 598–610. 

https://doi.org/10.1016/J.SUPFLU.2008.08.010. 

27. Palaiogiannis, D.; Chatzimitakos, T.; Athanasiadis, V.; Bozinou, E.; Makris, D.P.; Lalas, S.I. Successive Solvent Extraction of 

Polyphenols and Flavonoids from Cistus creticus L. Leaves. Oxygen 2023, 3, 274–286. https://doi.org/10.3390/OXY-

GEN3030018/S1. 

28. Tsitsagi, M.; Ebralidze, K.; Chkhaidze, M.; Rubashvili, I.; Tsitsishvili, V. Sequential Extraction of Bioactive Compounds from 

Tangerine (Citrus unshiu) Peel. Ann. Agrar. Sci. 2018, 16, 236–241. https://doi.org/10.1016/J.AASCI.2018.02.007. 

https://doi.org/10.3390/molecules31132314


Molecules 2026, 31, 2314 17 of 18 
 

https://doi.org/10.3390/molecules31132314 

29. Setyaningsih, W.; Saputro, I.E.; Palma, M.; Barroso, C.G. Pressurized Liquid Extraction of Phenolic Compounds from Rice 

(Oryza sativa) Grains. Food Chem. 2016, 192, 452–459. https://doi.org/10.1016/J.FOODCHEM.2015.06.102. 

30. Mustafa, A.; Turner, C. Pressurized Liquid Extraction as a Green Approach in Food and Herbal Plants Extraction: A Review. 

Anal. Chim. Acta 2011, 703, 8–18. https://doi.org/10.1016/J.ACA.2011.07.018. 

31. Castañeda-Ovando, A.; Pacheco-Hernández, M.d.L.; Páez-Hernández, M.E.; Rodríguez, J.A.; Galán-Vidal, C.A. Chemical Stud-

ies of Anthocyanins: A Review. Food Chem. 2009, 113, 859–871. https://doi.org/10.1016/J.FOODCHEM.2008.09.001. 

32. Patras, A.; Brunton, N.P.; O’Donnell, C.; Tiwari, B.K. Effect of Thermal Processing on Anthocyanin Stability in Foods; Mecha-

nisms and Kinetics of Degradation. Trends Food Sci. Technol. 2010, 21, 3–11. https://doi.org/10.1016/J.TIFS.2009.07.004. 

33. García-Marino, M.; Rivas-Gonzalo, J.C.; Ibáñez, E.; García-Moreno, C. Recovery of Catechins and Proanthocyanidins from Win-

ery By-Products Using Subcritical Water Extraction. Anal. Chim. Acta 2006, 563, 44–50. 

https://doi.org/10.1016/J.ACA.2005.10.054. 

34. He, L.; Zhang, X.; Xu, H.; Xu, C.; Yuan, F.; Knez, Ž.; Novak, Z.; Gao, Y. Subcritical Water Extraction of Phenolic Compounds 

from Pomegranate (Punica granatum L.) Seed Residues and Investigation into Their Antioxidant Activities with HPLC–ABTS+ 

Assay. Food Bioprod. Process. 2012, 90, 215–223. https://doi.org/10.1016/J.FBP.2011.03.003. 

35. Llobera, A.; Cañellas, J. Dietary Fibre Content and Antioxidant Activity of Manto Negro Red Grape (Vitis Vinifera): Pomace 

and Stem. Food Chem. 2007, 101, 659–666. https://doi.org/10.1016/J.FOODCHEM.2006.02.025. 

36. Tseng, A.; Zhao, Y. Wine Grape Pomace as Antioxidant Dietary Fibre for Enhancing Nutritional Value and Improving Storabil-

ity of Yogurt and Salad Dressing. Food Chem. 2013, 138, 356–365. https://doi.org/10.1016/J.FOODCHEM.2012.09.148. 

37. Pinelo, M.; Rubilar, M.; Jerez, M.; Sineiro, J.; Núñez, M.J. Effect of Solvent, Temperature, and Solvent-to-Solid Ratio on the Total 

Phenolic Content and Antiradical Activity of Extracts from Different Components of Grape Pomace. J. Agric. Food Chem. 2005, 

53, 2111–2117. https://doi.org/10.1021/JF0488110. 

38. Spigno, G.; Tramelli, L.; De Faveri, D.M. Effects of Extraction Time, Temperature and Solvent on Concentration and Antioxidant 

Activity of Grape Marc Phenolics. J. Food Eng. 2007, 81, 200–208. https://doi.org/10.1016/J.JFOODENG.2006.10.021. 

39. Casagrande, M.; Zanela, J.; Pereira, D.; de Lima, V.A.; Oldoni, T.L.C.; Carpes, S.T. Optimization of the Extraction of Antioxidant 

Phenolic Compounds from Grape Pomace Using Response Surface Methodology. J. Food Meas. Charact. 2019, 13, 1120–1129. 

https://doi.org/10.1007/S11694-018-00027-X. 

40. Chemat, F.; Vian, M.A.; Cravotto, G. Green Extraction of Natural Products: Concept and Principles. Int. J. Mol. Sci. 2012, 13, 

8615–8627. https://doi.org/10.3390/IJMS13078615. 

41. Joana Gil-Chávez, G.; Villa, J.A.; Fernando Ayala-Zavala, J.; Basilio Heredia, J.; Sepulveda, D.; Yahia, E.M.; González-Aguilar, 

G.A. Technologies for Extraction and Production of Bioactive Compounds to Be Used as Nutraceuticals and Food Ingredients: 

An Overview. Compr. Rev. Food Sci. Food Saf. 2013, 12, 5–23. https://doi.org/10.1111/1541-4337.12005. 

42. Panja, P. Green Extraction Methods of Food Polyphenols from Vegetable Materials. Curr. Opin. Food Sci. 2018, 23, 173–182. 

https://doi.org/10.1016/J.COFS.2017.11.012. 

43. Putnik, P.; Bursać Kovačević, D.; Režek Jambrak, A.; Barba, F.J.; Cravotto, G.; Binello, A.; Lorenzo, J.M.; Shpigelman, A. Inno-

vative “Green” and Novel Strategies for the Extraction of Bioactive Added Value Compounds from Citrus Wastes—A Review. 

Molecules 2017, 22, 680. https://doi.org/10.3390/MOLECULES22050680. 

44. Galanakis, C.M. Recovery of High Added-Value Components from Food Wastes: Conventional, Emerging Technologies and 

Commercialized Applications. Trends Food Sci. Technol. 2012, 26, 68–87. https://doi.org/10.1016/J.TIFS.2012.03.003. 

45. Mirabella, N.; Castellani, V.; Sala, S. Current Options for the Valorization of Food Manufacturing Waste: A Review. J. Clean. 

Prod. 2014, 65, 28–41. https://doi.org/10.1016/J.JCLEPRO.2013.10.051. 

46. AOAC. Oficial Methods of Analysis of AOAC International, 16th ed.; Method 926.12; Association of Official Analytical Chemists: 

Rockville, MD, USA, 1996. 

47. AOAC. Official Methods of Analysis of AOAC International, 17th ed.; Method 928.08 and 900.02; Association of Official Analytical 

Chemists: Rockville, MD, USA, 2000. 

48. AOAC. Official Methods of Analysis of AOAC International, 18th ed.; Method 920.39C and 928.08; Association of Official Analytical 

Chemists: Rockville, MD, USA, 2005. 

49. de Freitas Batista, M.G.; Herbst, G.; Kolicheski, M.B.; Voll, F.A.P.; Corazza, M.L. D-Limonene Extraction from Citrus Reticulata 

Blanco Wastes with Compressed Propane and Supercritical CO2. J. Supercrit. Fluids 2025, 215, 106426. 

https://doi.org/10.1016/J.SUPFLU.2024.106426. 

https://doi.org/10.3390/molecules31132314


Molecules 2026, 31, 2314 18 of 18 
 

https://doi.org/10.3390/molecules31132314 

50. Gonçalves Rodrigues, L.G.; Mazzutti, S.; Vitali, L.; Micke, G.A.; Ferreira, S.R.S. Recovery of Bioactive Phenolic Compounds from 

Papaya Seeds Agroindustrial Residue Using Subcritical Water Extraction. Biocatal. Agric. Biotechnol. 2019, 22, 101367. 

https://doi.org/10.1016/J.BCAB.2019.101367. 

51. Singleton, V.L.; Orthofer, R.; Lamuela-Raventós, R.M. [14] Analysis of Total Phenols and Other Oxidation Substrates and Anti-

oxidants by Means of Folin-Ciocalteu Reagent. Methods Enzymol. 1999, 299, 152–178. 

52. Giusti, M.M.; Wrolstad, R.E. Characterization and Measurement of Anthocyanins by UV-Visible Spectroscopy. Curr. Protoc. 

Food Anal. Chem. 2001, 00, F1.2.1–F1.2.13. https://doi.org/10.1002/0471142913.FAF0102S00. 

53. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant Activity Applying an Improved ABTS 

Radical Cation Decolorization Assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. https://doi.org/10.1016/S0891-5849(98)00315-3. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/molecules31132314

