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Abstract

:

Grapes, especially those of the red varieties, have a high content of polyphenolic compounds. After the removal of the juice during the winemaking process, the grape marc (peels and seeds) remains as waste, making it a promising source for the isolation of polyphenols. The separation, recovery, and enrichment of samples of phenolic compounds offers the possibility of their subsequent utilization in the food, pharmaceutical, and cosmetics industries. In this paper, results are presented on both laboratory and pilot scales, including the effect of basic extraction parameters such as the solvent (water, ethanol, acetone, polyethylene glycol, ethyl acetate, and their respective 50% aqueous solutions), the solid/liquid ratio, the extraction time, and the temperature. The enrichment of the extracts in phenolic compounds was performed with the help of a series of membrane processes and rotary evaporation. The experiments showed the presence of almost all known compounds reported in the literature with pro-anthocyanidins (dimers-trimers) and flavan-3-ols together with various metabolites accompanied by a significant reduction in the values of total organic load.
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1. Introduction


In recent years, the interest in the utilization of by-products of agro-industrial origin has increased, especially in those of food products such as wine and olive oil, due to both environmental and pharmaceutical reasons [1,2,3].



The treatment of the specific by-products using processes that are friendly to the environment is recommended. The removal of organic compounds, especially phenols, is very important because phenolics cause an environmental burden due to their toxicity [4]. However, their ability to act as a substrate for the action of free radicals such as Reactive Oxygen and Nitrogen Species (ROS, RNS) makes them antioxidant compounds [5]. Thus, they can be valorized after their optimal separation and isolation as antioxidant reagents in the pharmaceutical and food industries [3]. During vinification and the treatment of Vitis vinifera L. fruits, by-products such as grape marc and wine bottom sludges are produced in large quantities. The quantity of by-products obtained corresponds to approximately 1/3 (w/w) of the mass of the processed grapes [6,7]. The most important of the above by-products are the skin and seeds of the grape marc, which correspond to 20–30% of the fruit mass and are usually disposed of in the environment without any further treatment [7,8,9,10].



Phenolic compounds are synthesized in V. vinifera as secondary metabolites. Their presence confers several functions such as deterrence of herbivores, protection from microbial infections and the harmful effect of ultraviolet radiation, and reduction in cell oxidation due to stress caused by lack of water. At the same time, phenolics give the fruit specific characteristics in terms of color, aroma, and taste. The largest quantity of phenolic compounds is found in the skin and seeds of the fruit, and also in the stems [8,11]. From a chemical point of view, the grape marc is composed of water (55–75%), fiber (43–75%), and proteins (6–10%) [12], while its total phenolic content (TPC) is between 1.2 and 74.8 g/kg of dry mass (DM). The prevalent phenols found in the marc (peels and skins) of fruits of V. vinifera varieties are (+)-catechin, (−)-epicatechin, epigallocatechin, flavan-3-ols, the condensed tannins of proanthocyanins, and gallic acid [10,13].



The composition of grape marc depends on several parameters such as the variety, the stage of the fruit’s development, the climatic conditions, and the stimuli received by the plant from external factors, including infections [9]. The red varieties show significantly higher quantities of total phenols compared to the white varieties, which is attributed to their high content of anthocyanins [14]. Thus, the anthocyanins found in the exocarp of the red varieties provide the characteristic color, while the color in the white varieties is attributed to the contained carotenoids and xanthophylls [9]. This broader category of phenols can be divided into two major categories: non-flavonoid phenols and flavonoid phenols. The first category includes phenolic acids and stilbenes, while the second category includes flavan-3-ols, flavonols, and anthocyanins [15]. Moreover, the phenolic acids of the non-flavonoid category can be divided into hydroxycinnamic and hydroxybenzoic acid derivatives [16].



Therefore, grape marc is a notable source of polyphenols. Due to their chemical structure and their ability to inhibit the action of active free radicals, such as ROS/NOS, as substrates they can delay and/or inhibit the oxidation of cells. In this way, they protect the human body from oxidative stress, which can cause cardiovascular problems, cancer, and many other serious degenerative diseases [17,18,19,20,21]. Thanks to these properties, the isolation of polyphenols from grape marc is an innovative solution, and these can be used in the food and pharmaceutical industries. In the first case, their use is based on the preparation of a product as a food supplement of high added value, while in the second, they can be used in the preparation of a cosmetic product with protective effects [18,19,20].



The large volumes of grape marc that are deposited for biodegradation, amounting to 9 million tons of organic waste per year (20% of the total grapes used for wine production) [3], combined with their high organic load, have led to the appearance of phenomena that are toxic to the environment, such as the degradation of biodiversity. Therefore, it is considered necessary to process the grape marc before its uncontrolled release into the environment and it is important to isolate the most profitable organic compounds from these by-products. These facts have led the scientific community to identify new methods and processes for processing them. Their most important areas of application, as well as their respective uses, are presented in Table 1.



Several processes have been proposed for the management of winery by-products. More specifically, for the treatment of liquid effluents, processes such as electrocoagulation, coagulation, sedimentation, and membrane filtration (physicochemical methods), aerobic and anaerobic digestion (biological methods), and advanced oxidation are used [22]. Regarding solid winery by-products, membrane filtration has been used for the isolation of phenolic compounds [23], as well as other environmentally friendly processes, such as supercritical fluid extraction, use of enzymes, pulsed ohmic heating, and high voltage electric discharge [24].



In the present work, the authors focused on the valorization of the wastes produced during the wine-making processes, isolating the phenolic substances from grape marc through a systematic study of solid–liquid extraction experiments. Further enrichment in phenolics was obtained using membrane filtration. Firstly, a detailed experimental investigation of the effect of the system parameters (solvent, solid/liquid ratio, temperature) during the extraction of phenolic compounds was undertaken. The solids were selected from grapes of the Merlot variety. The extracts obtained from the parametric analysis were tested in a pilot-scale experiment using a membrane system consisting of an ultrafiltration (UF) membrane, two nanofiltration (NF) membranes, and a reverse osmosis (RO) membrane. The products obtained from the extraction were further treated with the pilot-scale membrane system. The final products were characterized for their total phenolic content (TPC), total carbohydrate content (TCC), and antioxidant activity with the FRAP (Ferric Reducing Antioxidant Power) assay.




2. Materials and Methods


2.1. Grape Marc


All experiments were conducted using grape marc of the Merlot variety as raw material, which previously had been dried and pulped (dry mass, DM). The grape marc came from fruits that were harvested in the wider region of Achaia (Greece) in 2019 and were supplied by the winery OINIKI SA–Georgios Karelas in Kato Achaia (Greece). Firstly, the raw material was spread out and dried under ambient conditions. Then, it was pulverized with a grinding device and dried in a thermostatic dryer at 25 °C. In the extraction experiments, 30 g of grape marc was utilized, whereas the pilot plant experiments involved the use of 10 kg of ground solids.




2.2. Extraction Procedure


In the first stage, low-toxicity and environmentally friendly solvents [25,26] were selected and tested. A quantity of 30 g of ground dried grape marc was extracted with 300 mL of different types of solvent (distilled water, ethanol (EtOH) 96.4% v/v, acetone 99.98 (lach:ner), polyethylene glycol (PEG) 400 (Merck) for synthesis, and their corresponding aqueous solutions at a ratio of 50% (v/v), i.e., 50% organic solvent and 50% water). All parameters, other than the type of solvent, remained constant (solid/solvent volume ratio of 1/10 (w/v), for 60 min, at room temperature (RT) and under stirring at 150 rpm). Upon completion of each extraction, the extract was obtained, which was first filtered successively using sieves with a pore size of 2.00 mm, 0.600 mm, and 0.125 mm. The particles that remained in the filtrate were then removed by centrifugation at 4000 rpm (Hettich EBA 20 centrifuge, Hettich, Tuttlingen, Germany). Finally, the supernatant obtained after centrifugation was used for the measurement of total phenolic content (TPC). At the initial stage of the experimental process, the optimal conditions for the extraction of total phenolic compounds from grape marc were investigated to obtain the higher phenolic content with simultaneous limited extraction of carbohydrates (total carbohydrate content, TCC). In these experiments, grape marc collected in a previous harvesting period was used.



In subsequent experiments, extraction was conducted using water and ethanol at a solid/liquid ratio of 1/5 and 1/10 w/v, for 10, 30, and 60 min and at 10, 25, 40, 50, and 65 °C for 2 and/or 3 successive extraction steps. At this stage, the extraction conditions of phenols and carbohydrates from Merlot grape marc were optimized and applied to the pilot-scale extraction.




2.3. Pilot-Scale Extraction Experiments


Considering the results of the laboratory parametric analysis of extractions, the optimal conditions were applied to the final pilot-scale extraction. The pilot-scale extraction was performed in 3 steps (Figure 1).




	(1)

	
Extraction of 6 kg of solid with 30 L of water to reduce the carbohydrate content of the grape marc. At this stage, the supernatant liquid was removed (23.5 L) while the solid was used for the next steps of the pilot-scale extraction.




	(2)

	
A quantity of 6.25 kg from the above solid, which represented half of the total solid (3 kg of solid + 3.25 kg from water absorbed by the solid) was extracted with 26.75 L of 50% ethanol solvent to obtain an extract rich in phenolic compounds with limited carbohydrates. At this point, the appropriate volume of ethanol was calculated, considering the water absorbed by the solid. After the end of the extraction, the solid was removed while the ethanolic extract (24 L) was used in step 3.




	(3)

	
The solid from step 1 was added to the above extract and extraction was performed to further enrich the phenolics while saving solvent. The quantity of the final ethanolic extract obtained was 18 L.









In the first stage, the extraction of phenols (TPC) and sugars (TCC) from Merlot grape marc was investigated. The experimental procedure concerned the successive extractions of the raw material and their effect on the recovery of phenolic compounds combined with a reduced content of sugars. The parameters that were applied to the pilot-scale extraction were, for the first extraction, a 1/5 w/v solid-to-solvent ratio (this ratio exhibited the highest TCC/TPC ratio), 10 min duration (no significant difference was exhibited between the tested durations, with the p-value of their statistical analysis being greater than 0.05 in all cases), and 10 °C to keep the extracted phenols to a minimum. For the second and third extractions, 50% ethanol was used (second-best extraction performance after acetone, but acetone would hinder the membrane filtration process), a 1/10 w/v solid-to-solvent ratio, 60 min extraction duration, and room temperature to minimize the evaporation of the solvent. The resulting extract obtained from the pilot-scale extraction was further processed using a membrane system consisting of a UF membrane, two NF membranes with different molecular weight cut-offs (MWCOs), namely NF600 and NF300, and, finally, an RO membrane. In the resulting extracts, Iwater, Iethanol, and IIethanol, TPC and TCC were measured, as well as their antioxidant activity.




2.4. Membrane Filtration Schemes


Four types of membrane and two types of unit were used for the filtration of the final ethanolic extract through pilot-scale membranes (Figure 2). The ultrafiltration (UF) membrane was permanently installed in one unit, while the two nanofiltration (NF600 and NF300) membranes and one reverse osmosis (RO) membrane were installed one after the other in the second unit.



All membranes used were purchased from Hydro Air Research SPA (Milan, Italy). Table 2 summarizes the characteristics of the membranes and the units used [23,27,28,29].




2.5. Total Phenolic Content (TPC)—Folin–Ciocalteau Assay


The determination of total phenolic content (TPC) in each sample using the Folin–Ciocalteu assay was conducted according to the laboratory protocol [30]. Initially, the construction of the calibration curve (Appendix A), the absorbance (Abs) versus gallic acid concentration (mg GA/L), was performed to determine the TPC concentration of each sample, expressed in gallic acid equivalent (GA) units. The range of gallic acid concentration (mg GAE/L) showing linearity under the given conditions is in the range of 25–250 mg GA/L. The following reagents were used: Folin and Ciocalteu’s phenol reagent 2 N (Sigma Aldrich, Burlington, VT, USA); Νa2CO3–anhydrous ≥ 99.5% (Sigma Aldrich), which was prepared to 200 g/L solution in the laboratory; and gallic acid 97.5–102.5% (titration) (Sigma). The absorbance was measured with a UV-Vis spectrophotometer (Shimadzu UV-1601, Kyoto, Japan) at 760 nm.




2.6. Total Carbohydrate Content (TCC)


Measurement of total carbohydrates (TCC) in the samples was performed using the L-tryptophan reagent, according to the laboratory protocol [31]. The following reagents were used: L-tryptophan (≥98%, Sigma Aldrich), boric acid (≥99.5%, Sigma Aldrich), H2SO4 (96%, Penta Bioscience Products, Mumbai, India), D-glucose anhydrous (Merck, Darmstadt, Germany). The L-tryptophan reagent was prepared in the laboratory as follows: In 500 mL of a solution of H2SO4 that was under constant stirring, 25 g of boric acid was first added, followed by 5 g of L-tryptophan, and the solution was made up to 800 mL using H2SO4. Then, it was left for 6 h in a dark place and under constant stirring. Finally, another 200 mL of H2SO4 was added and the entire reagent was stored in a dark-colored bottle. Regarding the measurement of total sugars, the absorbance calibration curve against the glucose concentration (mg GLU/L) had to be constructed first (Appendix A) to determine the sugar concentration of each sample expressed in glucose units (glucose equivalent, GLU). The absorption was measured with a UV-Vis spectrophotometer (Shimadzu UV-1601) 525 nm.




2.7. Chemical Oxygen Demand (COD)


The measurement of chemical oxygen demand (COD) was performed according to the laboratory protocol [32]. First, the digestion reagent and catalyst were prepared. To prepare the digestion reagent, 10.216 g of K2Cr2O7 dried at 105 °C for 2 h was added to 500 mL of dd H2O. Then, 167 mL of H2SO4 and 33.3 g of HgSO4 (II) were added. Finally, after the solution was previously stirred and brought to room temperature, additional H2O was added until the total volume reached 1000 mL. Regarding the preparation of the catalyst, this was performed by adding 2.5 g of AgSO4 to 1 L of H2SO4 and stirring it for 48 h.



The organic compound potassium hydrogen phthalate (KHP), which had previously been placed for drying at 120 °C for 2 h, was used to construct the calibration curve of absorbance versus the concentration of chemically required O2 (mg O2/L) (Appendix A). The reagents needed for the preparation of the chemicals for the measurements were K2Cr2O7 (Merck), H2SO4 96% (Penta Bioscience Products), HgSO4 (II) (lach:ner, Neratovice, Czech Republic), AgSO4 ≥ 99.5% (Sigma Aldrich), potassium hydrogen phthalate 99% (Alfa Aesar, Ward Hill, MA, USA). The devices used for the measurements were a COD Reactor (HACH, Loveland, CO, USA) for the digestion at high temperatures and a SMART3 colorimeter (LaMotte, Chestertown, MD, USA) for the measurement of COD.




2.8. FRAP Method for the Determination of Antioxidant Capacity of Phenolic Compounds


The total antioxidant activity of some samples was evaluated using the FRAP method, which is based on the ability of compounds with antioxidant properties to reduce [Fe(TPTZ)2]3+ to [Fe(TPTZ)2]2+ [33]. The following reagents were purchased: EtOH absolute >99.5% (Merk), acetic acid (glacial) anhydrous 99.8% (Merk), sodium acetate trihydrate, ACS reagent ≥99% (Sigma Aldrich), 2,4,6-Tris(2-pyridyl)-s-triazine, ≥98% for spectrophotometric det. (TPTZ) (Sigma-Aldrich), iron (III) chloride hexahydrate (FeCl3 × 6H2O) (AppliChem), hydrochloric acid ≥37% (Sigma Aldrich), iron (II) sulfate heptahydrate (FeSO4 × 7H2O) (Sigma Aldrich). Pure water was used for analysis (dd H2O) (Sigma-Aldrich), and an absorbance UV-Vis microplate reader, Sunrise (Tecan Austria), and 96-well Elisa plate were used for the measurements. The required amounts of the solutions for the measurements were prepared as follows: FRAP solution by mixing 300 mM acetate buffer with pH 3.6, 10 mM TPTZ dissolved in 40 mM HCl, and 20 mM FeCl3 × 6H2O in a ratio of 10:1:1; and for the calibration curve of absorbance versus Fe2+ concentration (mmol Fe2+/L or mM Fe2+), the standard solution of 10 mM FeSO4 × 7H2O [34,35]. As the calibration curve (Appendix A) shows linearity between the range of 0.05 and 0.40 mmol Fe2+/L, using the 10 mM FeSO4 × 7H2O standard solution, six FeSO4 × 7H2O solutions of different concentrations and within the linearity range of 0.05–0.40 were prepared using mM Fe2+. All samples were incubated at RT in a dark room for 5 min and measured at 595 nm.




2.9. Qualitative Analysis of Samples Using LC-MS


The qualitative determination of the composition of the final ethanolic extract of the pilot-scale extraction, as well as that of the fractions NF600 retentate, NF300 retentate, and RO retentate that resulted from the separation process using the membranes, was performed in a single quadrupole LC/MS system of LC/MSD 1260 Infinity II (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped with a C18 column, Poroshell 120 EC-C18 (4.6 × 100 mm, 2.7 µm) (Agilent Technologies, Inc.), and 0.45 µm syringe filters. ESI was used as the ion source and nitrogen gas was used for ionization. The solvents (LC-MS grade from Merck) 0.1% formic acid in water (A), methanol (B), and acetonitrile (C) were used in gradient elution under the following conditions: 0–3 min 95% A/5% B, 3–10 min 85% A/15% B, 10–12 min 85% A/15% B, 12–17 min 75% A/15% B/10% C, 17–19 min 75% A/15% B/10% C, 19–29 min 55% A/15% B/30% C, 29–31 min 55% A/15% B/30% C, 31–46 min 0% A/15% B/85% C, 46–47 min 0% A/15% B/85% C, 47–57 min 95% A/5% B, 57–62 min 95% A/5% B. The conditions for the injection volume, flow rate, and mass range were 10 μL, 0.3 mL/min, and 100–1000 m/z, respectively. Before carrying out the analysis of the above samples, their proper preparation was necessary, which is described as follows and applies to all samples: An amount of sample equal to 2 mL was transferred to an Eppendorf tube and centrifuged at 8000 rpm for 10 min, thus forming two phases, sediment and supernatant. A quantity of 1.5 mL of the supernatant was decanted into a different Eppendorf tube and centrifuged under the same conditions. The supernatant resulting from the second centrifugation was completely free of solid particles, a feature that allowed us to proceed with the preparation. Then, 1 mL of the particle-free supernatant was transferred to a new Eppendorf tube and placed in a speed vacuum concentrator to remove the solvent and collect the remaining solid. After determining the mass of the solid, a certain volume of 7% methanol/0.1% formic acid solvent was added so that its concentration was 3.5 mg/mL. The sample was again centrifuged at 8000 rpm for 10 min to exclude the possibility of receiving particles that had not dissolved. Finally, the supernatant liquid was removed with a syringe and filtered through a filter with 0.45 µm pores. The resulting filtrate was used for qualitative LC-MS analysis.




2.10. Statistical Analysis


All measurements, apart from LC-MS, were carried out in quadruplicate. The results are presented as mean values, with their standard deviation as error bars. Finally, statistical analysis of the results was carried out using Student’s t-test, with p-values lower than 0.05 considered to be statistically significant. For the statistical analysis, Microsoft Excel was used.





3. Results and Discussion


3.1. Lab Experiments


At the initial stage of the experimental process, the investigation of the conditions for the extraction of total phenolic compounds (total phenolic content, TPC) from grape marc was carried out to choose an economic method in which the extraction of phenols is favored, while, on the contrary, the extraction of total carbohydrates (TCC) is reduced because they are among the classes of compounds that are extracted in large amounts together with phenols [36]. The investigated parameters were the following: type of solvent, solid–solvent ratio, duration of the extraction, and temperature.




3.2. Effect of Solvent


When extracting a plant raw material to recover phenolic compounds, it is important to use the appropriate solvent that facilitates the efficient extraction of phenolic compounds with the lowest cost. In addition, the solvent should belong to the category of green solvents, i.e., it should be non-toxic for both the human body and the environment [25,26]. Therefore, the solvents used were water, ethanol (EtOH), and the 50% (v/v) hydroethanolic solvent, which can be used in many applications, including in the food and pharmaceutical industries. If the target market is the cosmetic industry, two alternative solvents, such as polyethylene glycol (PEG) and acetone (Acet), and their corresponding aqueous solutions at a rate of 50% (v/v), i.e., 50%, may be used. In addition, the use of acetone can be effective for the extraction of phenolic compounds from grape marc and can be easily removed [24,37].



The extraction of phenolics from grape marc took place with a solid/solvent volume ratio of 1/10 (w/v), for 60 min, at room temperature (RT), and under stirring at 150 rpm. Under these conditions, 30 g of grape marc (raw material of 2019) was used for the extraction of its soluble content, using the respective solvent (300 mL) and with the other parameters remaining constant. The non-recoverable part of the solvent corresponded to 11% for water, 13% for ethanol, 19% for the hydroethanolic mixture, 14% for acetone, 19% for the water–acetone mixture, 15% for ethyl acetate, 37% for the water–ethyl acetate mixture, and 26% for the water–PEG mixture.



In these experiments, the effect displayed by each solvent in terms of its capacity to extract phenolic compounds was studied (Figure 3). The highest total phenolic content (TPC) was obtained using 50% acetone (8.56 ± 0.59 g GA/kg, expressed as g of gallic acid (GA) equivalent per kg dry mass of grape marc), followed by ethanol 50% (6.46 ± 0.31 g/kg DM, which also agrees with the experiments of Rodrigues et al. [37]) and polyethylene glycol (PEG) 50%, with values of 6.46 ± 0.31 g/kg DM and 4.03 ± 0.28 g GA/kg DM, respectively. The lowest TPC values were obtained during the extractions using 100% ethyl acetate (0.161 ± 0.02 g GA/kg DM), 50% ethyl acetate (0.62 ± 0.08 g GA/kg DM), and water with 0.71 ± 0.24 g GA/kg DM. Although the use of the acetone–water co-solvent resulted in the highest extractability of 8.56 ± 0.59 g GA/kg DM, the 100% acetone solvent gave a much lower extractability of 0.74 ± 0.07 g/kg DM, as proven by Rodrigues et al. [37]. The use of pure ethanol showed an intermediate TPC extraction yield (1.73 g GA/kg DM), the value of which is quite low compared to that of 50% ethanol extraction. In conclusion, as shown in Figure 3, the maximum TPC recovery values were obtained from the extractions in which a solvent system of organic solvent and water was used in a ratio of 50:50. Therefore, the use of water in the extractions is deemed imperative.



As discussed above (Figure 3), the use of organic solvents without the presence of water showed a low efficiency in the extraction of phenolic compounds and this difference can also be observed by the color of each extract. This fact is typically observed in the literature [38], as the addition of water seems to make the solvent more suitable for the extraction of phenolic compounds. A special case is the ethanol extract, which is green, characteristic of the high presence of chlorophyll; Figure 4.




3.3. Effect of Solid/Solvent Ratio (w/v)


At this point, it is important to mention that, in all experiments presented in this section, grape marc of the 2019 harvesting period was used. The solid/solvent (w/v) ratio, i.e., the volume of solvent to be used in the solid/liquid extraction process, significantly affects (p-value was lower than 0.05) the extractability of TPCs (Figure 5), as well as the recovered volume of the extract. In addition, it significantly determines the cost of the overall process, as an increasing amount of solvent, in the case of an organic solvent, proportionally increases the cost at the industrial scale, and therefore solid/solvent ratios higher than 1/10 (w/v) were not tested. The solid/liquid ratio (w/v) in experiments using a 50% ethanol–water solvent system (ethanolic extraction) and those using water (aqueous extraction) were examined separately. In both cases, the ratios examined were 1/5 and 1/10 (w/v), while parameters such as extraction duration, temperature, and stirring rate remained constant for all extraction experiments at 60 min, RT, and 150 rpm, respectively.



The effect of the solid/solvent volume ratio was examined in extractions with water (W-extract), as well as in extractions using an ethanol–water co-solvent (EtOH-extract). Regarding studies of the effect of w/v ratio on water extractions, recovery of TPC and TCC at a 1/5 w/v ratio was 1.36 ± 0.12 g GA/kg DM and 10.15 ± 0.39 g GLU/kg DM, respectively. At a ratio of 1/10 w/v, the extraction of TPC increased compared to the use of the ratio of 1/5 by 93.40% and that of TCC by 36.33%, with these values amounting to 2.64 ± 0.19 g GA/kg DM for TPC and 13.83 ± 1.22 g GLU/kg DM for TCC. During ethanol extractions (EtOH-extract), TPC and TCC recoveries were higher than those obtained from water extractions. At a ratio of 1/5 (w/v), TPC extraction reached 13.72 ± 1.08 g GA/kg DM and TCS extraction reached 21.54 ± 0.71 g GLU/kg DM. Increasing the solvent to a ratio of 1/10 (w/v) resulted in enhanced extraction of TPC to 22.01 ± 1.74 g GA/kg DM and that of TCC to 30.21 ± 2.92 g GLU/kg DM, with the increase rate being 60.40% for TPC and 40.65% for TCC. Furthermore, the extractions at a ratio equal to 1/5 (w/v) resulted in a 36–48% loss of the final extract volume, due to absorption by the solid, while, in the case of the solid/liquid ratio equal to 1/10 (w/v), this loss was 22–25%.



According to Table 3 below, the highest TCC/TPC ratio occurred from the extraction with water and a solid-to-liquid ratio value equal to 1/5 (w/v), where TCC was 7.4 times higher than TPC. For the best isolation of phenolics, and in the subsequent steps for the enrichment of phenolic samples, it is especially important to obtain a high ratio of TCC/TPC from the initial extraction step. On the contrary, the lowest values were observed from the extraction conducted using 50% ethanol at a solid/liquid ratio equal to 1/10 (w/v), where the TPC recovered was approximately similar to the TCC (ratio of 1.3). The target not only yielded the highest values of TPC but the lowest ratio of TPC/TCC in order to isolate high-purity phenols. The isolation of carbohydrates from fruit extractions is always a difficult task and efforts to reduce the carbohydrates should be a decisive step when organizing methods for optimum phenolic recovery.




3.4. Effect of Extraction Time


To determine the effect of time (duration of extraction) on the extractability of both TPC and TCC, in experiments where water was used as the extraction medium, time intervals of 10, 30, and 60 min were used. All three of these extraction time intervals were applied at solid/solvent ratios equal to 1/5 and 1/10 (w/v), while, for all experiments, the type of solvent, temperature, and stirring speed of the extraction remained constant.



Focusing on the effect of extraction time on the aqueous extraction process, according to Figure 6, a consistency in the extraction of TPC and TCC at the same solid/solvent ratio (w/v) may be noticed. Thus, the three different time intervals of 10, 30, and 60 min in which the two groups of extractions were made, at a solid/solvent ratio equal to 1/5 (w/v) and 1/10 (w/v), gave similar TPC values to those of the experiments of the same group. As can be seen in Figure 6, the maximum values of TPC and TCC at a solid/solvent ratio equal to 1/5 (w/v) were found in the aqueous extractions of 10 min, with values of 1.36–1.44 g GA/kg DM and 10.14–10.56 g GLU/kg DM, respectively. During the extractions at a solid/solvent ratio equal to 1/10 (w/v), the maximum value for TPC was 2.51–2.64 g GA/kg DM, which occurred during the extraction of 60 min, while the maximum for TCC at 30 min was 12.95–14.61 g GLU/kg DM.



Between these two groups, i.e., the extractions at solid/solvent ratios equal to 1/5 (w/v) and 1/10 (w/v), an increase in the extraction of both TPC and TCC occurred at the ratio equal to 1/10 (w/v). This increase was not of the same magnitude for TPC and TCC; specifically, from the first group to the second, the extraction of TPC increased by 85%, while the extraction of TCC increased by 31%. This explains the reduction in the TCC/TPC ratio from 7.4 for the 1/5 (w/v) extractions to 5.3 for the 1/10 (w/v) ratio; Table 4. The measured volume losses of the extracts in these two extraction groups were 36.7% for the group at a ratio of 1/5 (w/v) and 22% for the group at a ratio of 1/5 (w/v). Overall, the effect of extraction duration did not exhibit p-values lower than 0.05, except for the TCC measurement of the extraction with a 1/10 (w/v) solid-to-solvent ratio and durations of 10 and 30 min.




3.5. Effect of Temperature


The effect of temperature on solid–liquid extractions, using DM of grape marc and water as the extraction solvent, was determined by performing extractions at temperatures of 10 °C, 25 °C, 40 °C, 50 °C, and 65 °C (Figure 7). In all experiments, the other parameters, i.e., the extraction solvent, the solid/solvent ratio (w/v), and the extraction stirring speed, were kept constant. The device in which the extractions were carried out consisted of a commercial borosilicate double-walled vessel, a thermostatic cooling/heating bath (Grant Instruments™ Cambridgeshire, United Kingdom, TC120 Series Digital Heated Circulating Bath), two tubes, and a thermometer.



Temperature plays a significant role in TPC and TCC extraction, i.e., an increase in temperature results in increased content extraction from grape marc. The study was carried out at various temperatures in the range of 10–65 °C. Temperatures above 65 °C were not tested because, according to the literature, a decrease in the capacity and decomposition of polyphenolic compounds may be observed [24], as well as increased energy cost.



TPC showed an increasing trend from 25 °C to 65 °C due to the increase in the solubility of these compounds and the increase in the diffusion coefficient [24]. In the case of TPC, the results seem to be correlated with the extraction temperature, as the p-values of the comparison between the different temperatures examined were lower than 0.05, except for the case of the comparison of 50 °C and 65 °C (p-value = 0.076). On the other hand, the extraction of carbohydrates stabilized below 2% at temperatures up to 40 °C, and at higher temperatures it increased. Regarding the statistical analysis of the TCC measurements, only the extraction performed at 65 °C exhibited significant differences from the rest of the extraction conditions. In general, the percentage increase in carbohydrates did not exceed that of phenols at any transition stage from one temperature to another. This relation between TPC and TCC may be attributed to the low extractability of TPC at low temperatures. The extractability of TCC at low temperatures was not affected to the extent that TPC was affected, so the concentration of these compounds in the extract was high.



This significant effect of temperature is also reflected in the relative TCC/TPC ratios in Table 5, according to which, at low temperatures, the TCC/TPC ratio was between 9.5 and 9.2, i.e., a high presence of TCC and low presence of TPC. The increase in temperature, however, resulted in an increase in phenols, a phenomenon that was also responsible for the relative decrease in the TCC/TPC ratio to 6.1 at 40 °C, 4.5 at 50 °C, and, finally, 4.0 at 65 °C.




3.6. Sequential Extractions


Considering the results of previous parametric research, the effect of successive extractions of the same raw material was investigated, as well as the possibility of enriching the ethanolic extract by using it for the extraction of phenols from an additional amount of raw material. Thus, the effects of adding a new solid to the same solvent (a process in which the extract is enriched) and the combination of extractions, initially with water and then with 50% ethanol, were studied. The goal of this type of extraction was the removal of carbohydrates at the first stage through aqueous extraction and the isolation of an ethanolic extract with an improved TCC/TPC ratio. When investigating the enrichment of the extract, the raw material was initially extracted at a solid/solvent ratio of 1/10 (w/v), during which 30 g of grape marc was extracted with 300 mL EtOH 50% v/v, for 60 min, at ambient temperature, and under 150 rpm of stirring (the first extract is named I-ethanol in tables and figures). Then, the pure ethanolic extract was obtained by removing the solids from the mixture. An amount of solid was then added again in 225 mL of the ethanolic extract (reduction in extract from 300 to 225 mL due to adsorption by the removed solid) at a ratio of 1/10 w/v (22.5 g of grape marc) and re-extraction was carried out (second extract named II-ethanol). At the end of the extraction, the solid was removed, while the extract (II-ethanol) was used for a third extraction of 18 g of grape marc (decrease in extract to 180 mL) under the same extraction conditions. After the third extraction, the extract (third extract named III-ethanol) with a volume of 131 mL was obtained. TPC and TCC were measured in all three extracts. Based on these results, the extraction of grape marc was carried out at a pilot scale.



During the parametric study for the enrichment of the ethanolic extract, the aim was to investigate the ability of a certain amount of solvent to extract the phenolic components of the grape marc after three consecutive additions of solid. The aim of this study was to minimize the use of ethanol. The main results can be observed in Figure 8.



The successive use of the same solvent for the extraction of three batches of fresh grape marc resulted in the enrichment of the solvent in the extracted phenols (Figure 8a). On the other hand, when the results were analyzed according to the efficiency of each individual extraction step, the successive extraction steps slightly diminished the quantity of phenols extracted from the grape marc, as expected, due to the increased concentration of the extracted compounds in the bulk of the solvent. Furthermore, the decrease in the amount (g/kg DM) of TPC and TCC recovered after each extraction (Figure 8b) was mainly due to the loss of the extract due to solid absorption. Finally, applying the technique of successive extractions and first extracting the solid with water favored the removal of carbohydrates, resulting in higher purities of extracted phenols in the next stages of the process, when ethanol was used for the extraction (Figure 8c).




3.7. Pilot Plant Extraction Experiments


Considering the results obtained from the previous parametric studies, those conditions that favored the extractability of total phenolics while reducing the extraction of carbohydrates were applied to the pilot-scale extraction. Enrichment of the extract by adding extra solid was also applied to increase the TPC in a certain volume of ethanolic extract.



Using the above-mentioned process, the extraction was carried out at a pilot scale. The total extract obtained after the three-step ethanol extraction was 18 L. In the aqueous extract (called I-water) obtained during the first stage of extraction, the concentration of TCC amounted to 3.32 ± 0.50 g GLU/L, while that of TPC was only 0.24 ± 0.04 g GA/L. The ethanolic extraction carried out during the second stage gave the ethanolic extract that showed a high concentration in TPC (2.17 ± 0.03 g GA/L), reaching approximately the concentration of TCC of 2.28 ± 0.02 g GLU/L (a ratio of approximately 50/50). Further addition of solid to the ethanol extract to enrich it in TPC led to the acquisition of the ethanolic II-ethanol extract, with the concentration of TPC amounting to 2.65 ± 0.16 g GA/L and that of TCC amounting to 3.12 ± 0.20 g GLU/L, a percentage increase of 22.1% and 36.8%, respectively. Because of the above increase in TCC relative to the increase in TPC, the percentage ratio between them shifted slightly toward TCC, to be 45/55 (Figure 9).



As shown in Table 6, the aqueous extraction that preceded the ethanolic extractions resulted in the removal of 78.02 ± 11.75 g of TCC from the DM grape marc. Notably, the TCC/TPC ratio in this extract (I-water) was equal to 14, i.e., the extractability of TPC was noticeably smaller than that of TCC. In the I-ethanol extract, the significant effect of the 50% EtOH solvent on the extraction of phenolic compounds appeared with a recovery mass of 52.08 ± 0.72 g, which corresponded to an increase of >900% in extracted TPC compared to the aqueous extraction. Finally, the third stage of extraction resulting in the II-ethanol extract consisted of 47.70 ± 2.88 g of TPC and 56.16 ± 3.60 g of TCC, with the corresponding percentage of g of TPC being reduced by 8.4%, while that of TCC increased by 2.6%.



This decrease in the amount of the recovered TPC was attributed to the loss in the extract volume (from 24 L to 18 L) due to the amount that remained adsorbed on the solid, the collection of which was impossible with the existing facilities, and to the filtration processes through sieves.



After quantitative determination of the antioxidant activity with the FRAP assay in the I-water, I-ethanol, and II-ethanol extracts, the ethanolic II-ethanol extract presented the highest value of 30.78 ± 0.42 mmol Fe2+/L. The aqueous I-water extract showed a significantly lower antioxidant power compared to the ethanolic extracts with a concentration equal to 0.13 ± 0.04 mmol Fe2+/L. Finally, the I-ethanol extract showed a high antioxidant power (21.11 ± 0.39 mmol Fe2+/L), but this was lower than that of the II-ethanol ethanolic extract by 46%; Table 7.




3.8. Membrane Filtration of Extracted Samples in a Membrane Array


On further processing of the 18 L of ethanolic extract through pilot-scale membranes, the extract was diluted to 127 L to reduce the concentration of ethanol and facilitate the use of the large-scale equipment. The quantity of 127 L was the volume of the UF feed stream (UF initial). Quantities of 29 L of UF retentate, 20 L of NF600 retentate, and 15 L of NF300 retentate were collected. Moreover, 10 L of RO retentate and 64 L of RO permeate were obtained. Some discrepancies in the volume balance of the process were attributed to the water retention in the piping system of the pilot-scale equipment, as well as the volume loss during ethanol transport and evaporation.



The scheme for the array of UF, NF600, NF300, and RO membranes, together with the mass balance before and after each membrane module, is given in Figure 10.



In all feeds and effluents from each membrane, samples were collected and measurements for their phenolic, carbohydrate, and total organic contents in terms of COD were performed. In previous works [27,28,29], it was noticed that the final effluent is pure water, which is appropriate for irrigation, while the UF retentate contains a large amount of fats and lipids, which can be mixed with other biomass that is available nearby (pulverized pruning, vineyards, olive leaves, animal manure) to obtain a good quality of compost. The concentrated stream of NF600 contains both polyphenols and small-size phenols, which can be further treated with other techniques such as adsorption in specific resins [39] to enrich the specific fractions in terms of phenolic components. NF300 and RO retentates contained mainly sugars, phenolics such as (+)-catechin and (−)-epicatechin, metabolites such as (epi)catechin sulfate, low-molecular-weight procyanidins B2 and C2, and the amino acids L-phenylalanine and L-tryptophan.



3.8.1. TPC and TCC Measurements in UF Fractions


During the first stage of the filtration process and using a UF ultrafiltration membrane, it was necessary to add water to the ethanol extract to obtain a minimum total volume of 120 L. This led, as expected, to the dilution of TPC and TCC concentrations from 2.65 ± 0.16 to 0.34 ± 0.02 g GA/L for the former and from 3.12 ± 0.20 to 0.37 ± 0.02 g GLU/L for the latter in UF (as seen in Table 6 and Table 8). Considering the masses of TPC and TCC in the ethanol extract (47.70 ± 2.88 g TPC, 56.16 ± 3.6 g TCC) and in the initial UF (43.18 ± 2.54 g TPC, 46.99 ± 2.54 g TCC), mass loss was observed due to the volume loss during transfusion and/or a decrease in their solubility from 50% ethanol solvent to 7% ethanol.



The resulting UF permeate fraction showed similar concentrations of TPC and TCC as those of the UF feed; this was also reasonable as the pore size of the UF membrane (MWCO 100 nm) was not able to prevent the passage of these molecules. On the other hand, the UF retentate fraction showed a slight increase in TPC and TCC concentrations as it was the concentrate of the complete process; Table 8.




3.8.2. TPC and TCC Measurements in NF600 Fractions


During the second filtration step, in which the NF600 nanofiltration membrane with a MWCO of 600 Da was used, the NF600 feed stream consisted of 0.24 ± 0.05 g GA/L and 0.33 ± 0.04 g GLU/L for TPC and TCC, respectively. These values were lower than the corresponding values in UF permeate due to the extra amount of water added from the overall setup. Regarding the masses of the TPC and TCC contained in the original NF600, they amounted to 24.72 ± 5.15 g and 33.99 ± 4.12 g, respectively (Table 9).




3.8.3. TPC and TCC Measurements in NF Fractions


Comparing the total masses in the fractions of UF permeate and NF600 feed, reductions of 5.6 g in TPC and 3.2 g in TCC were observed. The NF600 retentate fraction that emerged after this process consisted of a high concentration of TPC (0.82 ± 0.09 g GA/L), which increased by four times, while the concentration of TCC increased by two times, reaching a value of 0.70 ± 0.04 g GLU/L. The retention of phenolic compounds led to a significant improvement in the TCC/TPC ratio from 1.4 to 0.85. In addition, this increase in the concentration of TPC in the NF600 retentate fraction was due to the low ability of these compounds to pass through the pores of the specific membrane, meaning that these compounds were composed of molecular weights around 600 g/mol and above; thus, this fraction was rich in proacyanidins, which was also confirmed using LC-MS. Unfortunately, due to the high concentration of TPC obtained and the low content of organic solvent, the solubility of these compounds decreased to such an extent that particles were formed and deposited on the surface of the membrane, affecting further processing and various measurements. Therefore, the measured TPC g GA/L concentration in the NF600 retentate fraction was considerably lower than the actual concentration. In the NF600 permeate fraction, it was not possible to measure TPC and TCC concentrations because they were too low. Finally, the phenomenon that took place and was described before significantly affected the mass balances of TPC and TCC, as shown in Table 9.



Apart from the NF300 retentate and RO retentate streams, the fractions obtained after filtration through the NF300 (MWCO, 300 Da) and RO membranes were too diluted to allow measurement of TPC or TCC. In both fractions, the contents of TPC and TCC were quite low. This was because, first, two membranes preceded the filtration and most of the compounds had been retained in the respective concentrates; and, second, because of the phenomenon created during the NF600 membrane process, which prevented, to some extent, the complete process of filtration. In the NF300 retentate fraction, the concentration of TPC amounted to 0.09 ± 0.03 g GA/L and that of TCC was 0.27 ± 0.04 g GLU/L, with corresponding masses of 1.35 ± 0.45 g and 4.05 ± 0.60 g. The RO retentate fraction contained approximately 25% of the corresponding TPC and TCC, with a TPC concentration of 0.02 ± 0.01 g GA/L, a TCC concentration of 0.08 ± 0.01 g GLU/L, and corresponding masses of 0.20 ± 0.10 g and 0.80 ± 0.10 g. The TCC/TPC ratio in NF300 retentate was ~3, while, in the fraction RO retentate, it was 4.0, indicating the greater presence of TCC in relation to TPC. Finally, comparing the ratios of these two fractions, NF300 retentate and RO retentate, with those of the previous fractions and the NF600 retentate fraction, it can be concluded that most of the TPC remained in the concentrate of NF600 retentate, while most of the TCC remained in the fractions NF300 retentate and RO retentate; Table 10.




3.8.4. FRAP—Antioxidant Activity


Table 11 summarizes the measured antioxidant activity values of the II-ethanol, UF initial, NF600 retentate, NF300 retentate, and RO retentate extracts. The maximum value was found in the II-ethanol ethanolic extract (30.78 ± 0.42 mmol Fe2+/L) as it showed the highest concentration of TPC. In the initial UF, the value of the antioxidant power amounted to 2.09 ± 0.04 mmol Fe2+/L due to the dilution of the ethanolic extract from 18 L to 127 L. Concerning the remaining fractions, as expected, the one with the highest antioxidant power was the NF600 retentate fraction, where it was 4.36 ± 0.32 mmol Fe2+/L, indicating the high presence of antioxidant compounds, which corresponded to the increased concentration in TPC (0.82 ± 0.09 g GA/L). The remaining fractions, NF300 retentate and RO retentate, showed low antioxidant power, with values of 0.47 ± 0.03 and 0.18 ± 0.03 mmol Fe2+/L, respectively.



An image from all fractions collected in the pilot plant series of experiments is shown in Figure 11. Most of the permeate fractions were almost transparent, while retentate streams were colored because of the organic content.




3.8.5. COD Measurements in Membrane Fractions


The treatment of the raw material to recover the phenolic compounds led to the removal of a large part of COD from it (Table 12). Extraction of the DM of grape marc with water yielded 12.93 ± 7.44 g O2/L COD with a corresponding COD mass of 303.9 ± 174.84 g O2, while the II-ethanol extract diluted to 127 L to be used as the feed stream (UF feed) showed a COD concentration equal to 29.33 ± 0.41 g O2/L and a mass of 3725.33 ± 52.42 g O2. The further treatment of the initial UF led to the reduction in the COD, after which the RO membrane also received a filtrate showing 1/3 of the original COD content. Therefore, the RO permeate filtrate can be reused for other extractions and, in this way, solvent can be saved. Finally, due to the reduction in the organic load in the raw material, the environmental burden would be reduced if it was deposited for biodegradation.




3.8.6. Qualitative Analysis of Samples


The total ion chromatograms of the negative (−MS) and positive (+MS) ionization of the II-ethanol extract from pilot plant extraction consisted of several peaks, with that of (−MS) containing the most. The time interval (retention time, Rt) during which the main peaks corresponding to compounds of the sample appeared was from 7 min to 37 min, while the peaks appearing before 7 min and after 38 min also appeared in the analyses of the blank samples and were not considered in the identification of the compounds. Many compounds were found, most of which were dimeric and trimeric procyanidin isomers, as well as compounds of the flavan-3-ol class such as (+)-catechin and (−)-epicatechin (Appendix B), with the last two showing the greatest intensity in the chromatograms; Figure 12. In addition, two amino acids, L-phenylalanine and L-tryptophan, were identified.



The NF600 retentate fraction showed an equally large number of compounds as in the II-ethanol extract. The use of the NF600 membrane led to the acquisition of a fraction consisting mainly of large-molecular-weight (MW) and high-concentration compounds. The main compounds found in the specific fraction are isomers of procyanidin dimers and flavan-3-ols (Appendix B), while the number of isomers of trimeric procyanidin is limited due to their reduced solubility and/or complexation with other compounds.



The NF300 retentate fraction), as well as the RO retentate fraction (Figure 13), contained a significantly lower number of compounds compared to the previous samples, as well as lower intensity peaks. No procyanidins were found in these samples, even though they consisted of low-molecular-weight compounds. The main compounds found in these samples concerned compounds of the category of amino acids, L-phenylalanine, and L-tryptophan, as well as flavan-3-ols and their metabolites such as (epi)catechin-sulfate (Appendix B). These metabolites were not found in the chromatograms of the ethanolic extract and the NF600 retentate fraction but in the chromatograms of NF300 retentate and RO retentate because, in the first two, their concentration was low and overlapped by the rest of the compounds, while, in the NF300 retentate and RO retentate samples, these compounds were concentrated to such an extent that their determination was possible.






4. Conclusions


The phenolic compounds contained in grape marc of the Merlot variety were successfully extracted using various green solvents and for various parameter values (type of solvent, solid/liquid ratio, duration of the temperature, and sequences of extraction with the same solvent). The best extraction results were those obtained when mixtures of acetone 50%–water, 50% PEG–50% water, and 50% EtOH–50% water were used. The solvent must contain both an organic and water phase because they affect the extraction of both hydrophobic (phenols) and hydrophilic (sugars) compounds. Water can first remove the soluble carbohydrates, and then ethanol can invade the grain structure and extract the phenolic compounds. In the series of laboratory experiments, a parametric study was conducted. Among the tested solid–liquid ratios, the ratio of 1:10 yielded better results in terms of extracted soluble compounds. The optimum duration of the extraction was 60 min and continuous stirring was needed to obtain all the soluble compounds. The temperature played a key role in the rate and the amount of the extracted phenolics; however, one should consider the cost of the energy at elevated temperature values.



The differences in results between 65 °C and ambient temperature were small; thus, the experiments were continued at ambient temperature values. When the extracted solution was used as a solvent to re-extract phenols and carbohydrates for a second and third round, the recovery was enhanced in the second round and less enhanced in the third iteration. The experiments in the pilot plant using the pilot membrane equipment confirmed the laboratory experiments and showed that a configuration of UF–NF600–NF300–RO membranes could help the molecular sieving of organic compounds, while, in each retentate, different compounds and types of phenol could be isolated. The NF600 membrane concentrated most of the phenolic compounds included in the original by-product and NF300 recovered the phenolics that “escaped” from the NF600. The COD value of the final effluent in the permeate stream in RO was lower than one-third of that of the feed solution.



Finally, the qualitative analysis of both the II/ethanol extract and the main fractions from membranes confirmed the presence of phenolic compounds and, in particular, the presence of a significant quantity of procyanidins and flavan-3-ols in the ethanolic extract, as well as in the NF600 retentate fraction, giving it a high antioxidant capacity. The remaining fractions mainly consisted of low-molecular-mass phenols, while their content of total phenolic compounds was much lower than that of the fraction, and most of the carbohydrates remained in them.
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Figure A1. Calibration curve used for the measurement of chemical oxygen demand via the closed reflux colorimetric method. 
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Figure A2. Calibration curve used for the measurement of total carbohydrates via the L-tryptophan method. 
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Figure A3. Calibration curve used for the measurement of total phenols via the Folin–Ciocalteu method. 
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Figure A4. Calibration curve used for the measurement of antioxidant activity via the FRAP method. 
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Table A1. Identification of the main compounds of Merlot grape marc II-ethanol extract (EEX) and fractions of membrane separation, NF600 retentate (NF6), NF300 retentate (NF3), and RO retentate (RO) using a single quadrupole LC/MS system.






Table A1. Identification of the main compounds of Merlot grape marc II-ethanol extract (EEX) and fractions of membrane separation, NF600 retentate (NF6), NF300 retentate (NF3), and RO retentate (RO) using a single quadrupole LC/MS system.





	
No.

	
Rt (min)

	
Tentative

	
M.W

	
Molecular Formula

	
Positive Ionization m/z

	
Negative Ionization m/z

	
Reference

	
Fraction






	
1

	
7.4

	
Unknown

	
258

	
-

	
259 [M + H]+

101 [M + H + 2Na]3+

141 [M + H + Na]2+

	
257 [M-H]−

279 [M + Na-2H]−

295 [M + K-2H]−

	
-

	
EEX, NF6, NF3




	
2

	
10.8

	
Gallic acid

	
170.12

	
C7H6O5

	
-

	
169 [M-H]−

339 [2M-H]−

125 [M-CO2-H]−

	
[40,41,42]

	
EEX, NF6




	
3

	
13.9

	
(epi)catechin sulfate

	
370.3

	
C15H14O9S

	
-

	
369 [M-H]−

391 [M + Na-2H]−

	
[42]

	
NF3, RO




	
4

	
14.8

	
L-phenylalanine

	
165.19

	
C9H11NO2

	
166 [M + H]+

120 [M + H-CO-H2O]+

	
164 [M-H]−

	
[43]

	
EEX, NF6, NF3, RO




	
5

	
18.9

	
(epi)catechin sulfate

	
370.3

	
C15H14O9S

	
-

	
369 [M-H]−

391 [M + Na-2H]−

	
[42]

	
NF3, RO




	
6

	
19.6

	
Procyanidin B3

	
578.52

	
C30H26O12

	
-

	
577 [M-H]−

599 [M + Na-2H]−

	
[40,41,44]

	
EEX




	
7

	
20.4

	
Procyanidin B1

	
578.52

	
C30H26O12

	
579 [M + H]+

601 [M + Na]+

309 [M + H + K]2+

	
577 [M-H]−

599 [M + Na-2H]−

	
[40,41,44]

	
EEX, NF6




	
8

	
21.0

	
Procyanidin trimer B type isomer 2

	
866.74

	
C45H38O18

	
867 [M + H]+

889 [M + Na]+

453 [M + H + K]2+

	
865 [M-H]−

887 [M + Na-2H]−

	
[40,41,44]

	
EEX, NF6




	
9

	
21.6

	
L-tryptophan

	
204.23

	
C11H12N2O2

	
205 [M + H]+

227 [M + Na]+

188 [M + H-NH3]+

	
203 [M-H]−

407 [2M-H]−

	
[43]

	
EEX, NF6, NF3, RO




	
10

	
22.4

	
Procyanidin trimer B type isomer 3

	
866.74

	
C45H38O18

	
-

	
865 [M-H]−

887 [M + Na-2H]−

	
[40,41,44]

	
EEX




	
11

	
22.8

	
(+)-catechin

	
290.26

	
C15H14O6

	
291 [M + H]+

313 [M + Na]+

	
289 [M-H]−

579 [2M-H]−

	
[40,41,44]

	
EEX, NF6, NF3, RO




	
12

	
23.6

	
Procyanidin B2

	
578.52

	
C30H26O12

	
579 [M + H]+

601 [M + Na]+

309 [M + H + K]2+

	
577 [M-H]−

599 [M + Na-2H]−

	
[40,41,44]

	
EEX, NF6




	
13

	
24.2

	
Procyanidin trimer B type isomer 4

	
866.74

	
C45H38O18

	
-

	
865 [M-H]−

887 [M + Na-2H]−

	
[40,41,44]

	
EEX




	
14

	
25.4

	
Procyanidin trimer B type isomer 5

	
866.74

	
C45H38O18

	
867 [M + H]+

	
865 [M-H]−

887 [M + Na-2H]−

	
[40,41,44]

	
EEX




	
15

	
26.1

	
(−)-epicatechin

	
290.26

	
C15H14O6

	
291 [M + H]+

313 [M + Na]+

603 [2M + Na]+

	
289 [M-H]−

579 [2M-H]−

325 [M-Cl]−

	
[40,41,44]

	
EEX, NF6




	
16

	
27.0

	
Unknown

	
358

	
-

	
359 [M + H]+

	
357 [M-H]−

315 [M-CHCOH-H]−

	
-

	
EEX, NFX




	
17

	
27.2

	
Procyanidin B2 3,3-di-O-gallate

	
882.73

	
C44H34O20

	
905 [M + Na]+

	
881 [M-H]−

903 [M + Na-2H]−

	
[40,41]

	
EEX, NF6




	
18

	
28.3

	
Myricetin-3-O-glucoside

	
480.4

	
C21H20O13

	
481 [M + H]+

563 [M + 2ACN + H]+

	
-

	
[40,42]

	
EEX




	
19

	
28.3

	
Unknown

	
540

	
-

	
563 [M + Na]+

290 [M + H + K]2+

	
539 [M-H]−

585 [M + FA-H]−

	
-

	
EEX. NF6




	
20

	
28.6

	
Procyanidin trimer B type isomer 6

	
866.74

	
C45H38O18

	
-

	
865 [M-H]−

887 [M + Na-2H]−

	
[41,44]

	
EEX




	
21

	
29.2

	
(epi)catechin-3-O-gallate

	
442.4

	
C22H18O10

	
-

	
441 [M-H]−

463 [M + Na-2H]−

	
[40,41,44]

	
EEX




	
22

	
29.4

	
Procyanidin B5

	
578.5

	
C30H26O12

	
579 [M + H]+

309 [M + H + K]+

331 [M + 2ACN + 2H]+

601 [M + Na]+

	
577 [M-H]−

599 [M + Na-2H]−

	
[41]

	
EEX




	
23

	
30.6

	
Delphinidin 3-O hexuronide

	
479.08

	
C21H19O13+

	
479 [M]+

501 [M + Na]+

303 (fragment)

259 [M + H + K]2+

	
477 [M-H]−

499 [M + Na-2H]−

955 [2M-H]2−

523 [M + FA-H]−

	
[44]

	
EEX, NF6




	
Quercetin 3-O galactoside

	
464.38

	
C21H20O12

	
547 [M + 2ACN + H]+

	
463 [M-H]−

301 (fragment)

	
[40,41,44]

	
NF6




	
24

	
31.4

	
Procyanidin B2 3,3-di-O-gallate

	
882.73

	
C44H34O20

	
883 [M + H]+

905 [M + Na]+

	
881 [M-H]−

439 [M-2H]−

	
[41]

	
EEX




	
25

	
35.1

	
Unknown

	
566

	
-

	
303 [M + H + K]2+

589 [M + Na]+

	
565 [M-H]−

611 [M + FA-H]−

679 [M + TFA-H]−

	
-

	
EEX, NF6
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Figure 1. Schematic diagram of the pilot plant processes with 3 successive steps of extraction. 
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Figure 2. Membrane process array flow diagram. UF (ultrafiltration)—(A), NF600 (nanofiltration with MWCO 600 Da)—(B), NF300 (nanofiltration with MWCO 300 Da)—(C), RO (reverse osmosis)—(D). 
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Figure 3. Total phenolic content of the extracted solution using various solvents (gallic acid/kg DM). (Conditions: 30 g dried mass of grape marc in 300 mL of solvent; solid/liquid ratio (1/10 w/v); temperature, RT; duration of the extraction, 60 min.). 
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Figure 4. Extraction of grape marc using various solvents: (a) water, 100%; (b) ethanol*, 100%; (c) ethanol, 50% water, 50%; (d) acetone, 100%; (e) acetone, 50%, water, 50%; (f) ethyl acetate, 100%; (g) ethyl acetate, 50%, water, 50%; (h) PEG, 50%, water, 50% (* purity of commercial ethanol: 95%). 
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Figure 5. TPC (red bars) and TCC (green) from the extraction experiments with water and ethanolic solvents for the two tested solid/liquid ratio values. 
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Figure 6. Effect of extraction time duration on isolation of phenolics and sugars. Values of TPC in g GA/kg DM (red) and ΤSC in g GLU/kg DM (green) after extraction of 30 g of dried material in 150 mL water (ratio 1/5) and 300 mL (ratio 1/10). 
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Figure 7. Effect of temperature during the extraction experiments with water. Values of TPC g GA/kg DM (red bars) and TCC g GLU/kg DM (green bars) after the extraction of soluble content from 30 g dried mass of grape marc in 150 mL of water at a solid/solvent ratio of 1/5 (w/v). 
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Figure 8. Concentration of TPC (red) and TCC (green) (a) after three extraction steps, (b) g/kg DM values in each extraction separately, and (c) values after successive extractions with water, EtOH 50%, and EtOH 50%. 
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Figure 9. Values of TPC (g GA/L) (red bars) and TCC (g GLU/L) (green bars) (Left) for the three steps of the pilot plant extraction experiments and their respective percentages (Right). 
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Figure 10. Fractions from the extractions of grape marc in a scheme for membrane filtration and mass balances ((A) UF step, (B) NF600 step, (C) NF300 step, and (D) RO step). 
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Figure 11. Photo of the extracted samples; from left to the right: I-ethanol, II-ethanol, UF feed, UF retentate, UF permeate, NF600 retentate, NF600 permeate, NF300 retentate, NF300 permeate, RO retentate, RO permeate. 
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Figure 12. Total ion chromatogram of Merlot grape marc II-ethanol extract from pilot plant extraction. Blue (top) shows the positive ionization (+MS) chromatogram and green (bottom) shows the negative ionization chromatogram (−MS). Numbers from 1 to 25 indicate the most important peaks, which are analyzed in Appendix B. n.d: not determined. 
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Figure 13. Total ion chromatogram of RO retentate (RO). Blue (top) shows the positive ionization (+MS) chromatogram and green (bottom) shows the negative ionization chromatogram (−MS). Numbers 3–5, 9, and 11 indicate the most important peaks, which are analyzed in Appendix B. n.d: not determined. 
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Table 1. Fields in which grape by-products or their isolated products are used, as well as their respective uses [6,12,13].
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	Field of Application
	Use





	Livestock
	Animal Feed



	Agricultural
	Fertilizers



	Distillery
	Alcohol and alcoholic beverages



	Food Industry
	As functional foods, food supplements, preservatives, increasing the added value of food



	Pharmaceutics
	Supplements, improvement in intestinal flora, cosmetics



	Gastronomy
	Oils



	Coloring
	Pigments
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Table 2. Membrane material and geometrical characteristics [23,27,28,29].
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	Membrane Type
	UF
	NF 600
	NF 300
	RO





	Material
	Ceramic, Zirconia
	Polyamide
	Polyamide
	Polyamide



	Configuration
	Tubular
	Spiral wound
	Spiral wound
	Spiral wound



	MWCO
	100 nm
	600 Dalton
	300 Dalton
	-



	Active surface, m2
	0.24
	2.4
	2.5
	2.5



	Length, cm
	102 cm
	101.6
	101.6
	101.6



	Salt rejection
	-
	95% of MgSO4
	98% of MgSO4
	99% of NaCl
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Table 3. Values of TPC and TCC per kg of dried material (columns b and c, respectively) and their relevant ratio of TCC/TPC (column d) for different solvents and for different solid/liquid ratio values.
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	(w/v)

(a)
	TPC g/kg DM

(b)
	TCC g/kg DM

(c)
	Ratio TCC/TPC

(d)





	1/5 (w/v)/Wextract
	1.36 ± 0.12 a
	10.15 ± 0.39 a
	7.4



	1/10 (w/v)/Wextract
	2.64 ± 0.19 b
	13.83 ± 1.22 b
	5.2



	1/5 (w/v)/EtOHextract
	13.72 ± 1.08 c
	21.54 ± 0.71 c
	1.5



	1/10 (w/v)/EtOHextract
	22.01 ± 1.74 d
	30.21 ± 2.92 d
	1.3







The means that do not share a letter are significantly different.
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Table 4. Values of TPC and TCC per kg of dried material (columns b and c, respectively) and their relevant ratio of TCC/TPC (column d) for different solid to solvent ratios and for different values of extraction duration.
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	(w/v)

(a)
	TPC g GA/kg DM

(b)
	TCC g GLU/kg DM

(c)
	Ratio TCC/TPC

(d)





	1/5 (w/v)—10 min
	1.44 ± 0.07 a
	10.56 ± 0.33 a,b
	7.34



	1/5 (w/v)—30 min
	1.41 ± 0.13 a
	10.49 ± 0.30 a,b
	7.40



	1/5 (w/v)—60 min
	1.36 ± 0.11 a
	10.14 ± 0.39 a,b
	7.46



	1/10 (w/v)—10 min
	2.51 ± 0.11 a
	12.95 ± 1.47 a
	5.16



	1/10 (w/v)—30 min
	2.62 ± 0.18 a
	14.61 ± 1.06 b
	5.56



	1/10 (w/v)—60 min
	2.64 ± 0.19 a
	13.83 ± 1.22 a,b
	5.24







The means that do not share a letter are significantly different.
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Table 5. Values of TPC and TCC and the corresponding ratio values of TCC/TPC at different temperatures.
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	T (°C)
	TPC (g GA/kg DM)
	TCC (g GLU/kg DM)
	Ratio TCC/TPC





	10 °C
	1.37 ± 0.03 a
	13.07 ± 0.63 a
	9.5



	25 °C
	1.44 ± 0.07 b
	13.30 ± 0.30 a,b,c
	9.2



	40 °C
	2.21 ± 0.02 c
	13.56 ± 0.10 b
	6.1



	50 °C
	3.23 ± 0.35 d
	14.80 ± 0.69 a,b
	4.5



	65 °C
	3.80 ± 0.57 d
	15.47 ± 0.57 c
	4.0







The means that do not share a letter are significantly different.
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Table 6. Values of TPC and ΤCC (g/kg), and TCC/TPC ratios found in extracted solutions, I-water, I-ethanol, and II-ethanol.






Table 6. Values of TPC and ΤCC (g/kg), and TCC/TPC ratios found in extracted solutions, I-water, I-ethanol, and II-ethanol.













	
	TPC g GA/L
	TPC g
	TCC g GLU/L
	TCC g
	Ratio TCC/TPC





	I/water
	0.24 ± 0.04 a
	5.64 ± 0.94 a
	3.32 ± 0.50 a
	78.02 ± 11.75 a
	14.0



	I/ethanol
	2.17 ± 0.03 b
	52.08 ± 0.72 b
	2.28 ± 0.02 b
	54.72 ± 0.48 b
	1.0



	II/ethanol
	2.65 ± 0.16 c
	47.70 ± 2.88 b
	3.12 ± 0.20 a
	56.16 ± 3.60 b
	1.2







The means that do not share a letter are significantly different.
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Table 7. Values of the antioxidant activity of the I-water, I-ethanol, and II-ethanol extracted samples in the pilot plant extraction experiments.
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	I/water
	I/ethanol
	II/ethanol





	mmol Fe2+/L
	0.13 ± 0.04 a
	21.11 ± 0.39 b
	30.78 ± 0.42 c







The means that do not share a letter are significantly different.
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Table 8. Concentrations of TPC and TCC and their masses in the fractions of UF feed, UF retentate, UF permeate.
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	Parameter/Units
	UF Feed
	UF Retentate
	UF Permeate





	TPC g GA/L
	0.34 ± 0.02 a
	0.45 ± 0.01 b
	0.31 ± 0.02 a



	TPC g
	43.18 ± 2.54 a
	13.05 ± 0.29 b
	30.38 ± 1.96 c



	TCC g GLU/L
	0.37 ± 0.02 a
	0.42 ± 0.02 b
	0.38 ± 0.07 a,b



	TCC g
	46.99 ± 2.54 a
	12.18 ± 0.58 b
	37.24 ± 6.86 a



	Ratio TCC/TPC
	1.1
	1.07
	1.2







The means that do not share a letter are significantly different.
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Table 9. Concentrations of TPC and TCC and their masses in the fractions NF600 feed, NF600 retentate, NF600 permeate.






Table 9. Concentrations of TPC and TCC and their masses in the fractions NF600 feed, NF600 retentate, NF600 permeate.











	
	NF600 Feed
	NF600 Retentate
	NF600 Permeate





	TPC g GA/L
	0.24 ± 0.05 a
	0.82 ± 0.09 b
	-



	TPC g
	24.72 ± 5.15 a
	16.4 ± 1.75 b
	-



	TCC g GLU/L
	0.33 ± 0.04 a
	0.70 ± 0.04 b
	-



	TCC g
	33.99 ± 4.12 a
	14.09 ± 0.88 b
	-



	Ratio TCC/TPC
	1.4
	0.85
	-







The means that do not share a letter are significantly different.
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Table 10. Concentration of TPC and TCC and their masses in the fractions NF300 retentate and RO retentate.






Table 10. Concentration of TPC and TCC and their masses in the fractions NF300 retentate and RO retentate.










	
	NF300 Retentate
	RO Retentate





	TPC g GA/L
	0.09 ± 0.03 a
	0.02 ± 0.01 b



	TPC g
	1.35 ± 0.45 a
	0.20 ± 0.10 b



	TCC g GLU/L
	0.27 ± 0.04 a
	0.08 ± 0.01 b



	TCC g
	4.05 ± 0.60 a
	0.80 ± 0.10 b



	Ratio TCC/TPC
	3.0
	4.0







The means that do not share a letter are significantly different.
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Table 11. Values of TPC and the antioxidant activity of the II-ethanol, UF feed, NF600 retentate, NF300 retentate, and RO retentate fractions.






Table 11. Values of TPC and the antioxidant activity of the II-ethanol, UF feed, NF600 retentate, NF300 retentate, and RO retentate fractions.













	
	II/Ethanol
	UF Feed
	NF600 Retentate
	NF300 Retentate
	RO Retentate





	TPC g GA/L
	2.65 ± 0.16 a
	0.34 ± 0.02 b
	0.82 ± 0.09 c
	0.09 ± 0.03 d
	0.02 ± 0.01 e



	mmol Fe2+/L
	30.78 ± 0.42 a
	2.09 ± 0.04 b
	4.36 ± 0.32 c
	0.47 ± 0.03 d
	0.18 ± 0.03 e







The means that do not share a letter are significantly different.
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Table 12. Quantification of chemical oxygen demand (COD) in the fractions obtained during the separation process.






Table 12. Quantification of chemical oxygen demand (COD) in the fractions obtained during the separation process.










	
	g O2/L
	g O2





	I/water
	12.93 ± 7.44
	303.9 ± 174.84



	UF feed
	29.33 ± 0.41
	3725.33 ± 52.42



	UF retentate
	32.36 ± 1.55
	938.62 ± 44.93



	UF permeate
	28.88 ± 3.02
	2830.71 ± 295.88



	NF600 retentate
	47.51 ± 3.05
	950.29 ± 61.08



	NF600 permeate
	27.34 ± 3.13
	2269.83 ± 259.98



	NF300 retentate
	16.45 ± 3.36
	246.72 ± 50.42



	NF300 permeate
	29.72 ± 1.16
	222.15 ± 87.46



	RO retentate
	25.76 ± 2.95
	257.65 ± 29.46



	RO permeate
	17.22 ± 4.81
	1102.27 ± 307.89
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