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Pomegranate industrial residues are rich in highly valuable phenolics, especially the bioactive punicalagin (PU) and ellagic acid (EA). The effect of extraction conditions on the recovery of polyphenols was investigated with special insight at the selectivity for EA and PU, along with the monitoring of sugar extraction. Macerations in ethanol and/or water, extractions by scCO 2 :ethanol mixtures and pressurized ethanol were compared on the basis of yields, kinetics and extract composition. High extraction yields up to 61g/100g residue were obtained because of significant extraction of sugars even with CO 2 -based solvents. The TPC and sugar

extraction yields were sensitive to the solvent polarity and pressure. Thirty-two phenolics were identified in most extracts whereas in scCO 2 :EtOH extracts purity of EA with respect to other phenolics was maximal, thus highlighting the selectivity of this technique. For the first time, extracts of high purity in EA and devoid of PU were produced in only one step.
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The effect of extraction conditions on the recovery of The effect of extraction conditions on the recovery of with special insight at the selectivity for EA and PU, with special insight at the selectivity for EA and PU, Pomegranate is a fruit widely grown in various countries from the Middle East, Far East, America, North Africa and South Europe [START_REF] Ismail | Pomegranate peel and fruit extracts: A review of potential anti-inflammatory and anti-infective effects[END_REF]. Aside from its organoleptic and nutritional properties, pomegranate has antioxidant properties due to its high content in phenolics, anthocyanins and vitamin C [START_REF]ingredients of juices from pomegranate cultivars worldwide[END_REF]. In the last two decades, the demonstration of pomegranate healthy potential has led to a marked increase in its consumption especially as juices. In the few cases where juices are produced by squeezing arils only, peels and seeds come as separated residues that can be exploited as individual sources of phenolics and pomegranate oil, respectively. Actually, they are mostly produced by squeezing the whole fruits [START_REF] Subasi | Effect of high hydrostatic pressure processing and squeezing pressure on some quality properties of pomegranate juice against thermal treatment[END_REF], an operation that releases huge amounts of residues that come as a mix of peels (73%) and seeds (27%) [START_REF] Subasi | Effect of high hydrostatic pressure processing and squeezing pressure on some quality properties of pomegranate juice against thermal treatment[END_REF]. This residue is often disposed of without economic value though it contains the same bioactive compounds as the fruit edible parts. The recovery of these compounds of high potential for food, cosmetic or pharmaceutical applications [START_REF] Amyrgialaki | Optimisation of the extraction of pomegranate (Punica granatum) husk phenolics using water/ethanol solvent systems and response surface methodology[END_REF] or the utilization of the residue as a source of functional fractions [START_REF] Talekar | From waste to wealth: High recovery of nutraceuticals from pomegranate seed waste using a green extraction process[END_REF] would improve the eco-sustainability of the pomegranate processing industries [START_REF] Turrini | From pomegranate marcs to a potential bioactive ingredient: a recycling proposal for pomegranate-squeezed marcs[END_REF].

The health potential of pomegranate fruits and extracts pertains to a wide range of biological properties generally attributed to the high content in polyphenolic components [START_REF] Singh | Phenolic compounds as beneficial phytochemicals in pomegranate ( Punica granatum L.) peel: A review[END_REF][START_REF] Akhtar | Pomegranate peel and peel extracts: Chemistry and food features[END_REF] though no distinction is made between the various phenolics (anthocyanins, proanthocyanidins, hydrolysable tannins). However, the two major hydrolysable tannins of pomegranate, namely ellagic acid (EA) and punicalagin (PU), have shown distinct individual biological activities ellagic acid ellagic acid, , punicalagin, phenolic punicalagin, phenolic widely grown in widely grown in various countries from various countries from Africa and South Europe Africa and South Europe [START_REF] Ismail | Pomegranate peel and fruit extracts: A review of potential anti-inflammatory and anti-infective effects[END_REF] [START_REF] Ismail | Pomegranate peel and fruit extracts: A review of potential anti-inflammatory and anti-infective effects[END_REF]. Aside Aside antioxidant properties due to antioxidant properties due to anthocyanins and vitamin C [START_REF]ingredients of juices from pomegranate cultivars worldwide[END_REF] [2]. . In the last two decades, In the last two decades, has led to a to a marked marked increase few cases where juices are produced by squeezing arils only, peels and seeds come as few cases where juices are produced by squeezing arils only, peels and seeds come as separated residues that can be exploited as individual sources of separated residues that can be exploited as individual sources of oil, respectively. oil, respectively. Actually, they Actually, they operation that operation that releases huge amounts of residue releases huge amounts of residue [START_REF] Subasi | Effect of high hydrostatic pressure processing and squeezing pressure on some quality properties of pomegranate juice against thermal treatment[END_REF] This This residue same bioactive compounds as the [START_REF] Ismail | Pomegranate peel and fruit extracts: A review of potential anti-inflammatory and anti-infective effects[END_REF][START_REF] Akhtar | Pomegranate peel and peel extracts: Chemistry and food features[END_REF][START_REF]S. Akhtar, Pomegranate peel and fruit extracts: A review of T. Ismail, P. Sestili, S. Akhtar, Pomegranate peel and fruit extracts: A review of infective effects[END_REF]. Among others, punicalagin has neuroprotective and chemotherapeutic effects [START_REF] Clementi | Punicalagin reduces H2O2-induced cytotoxicity and apoptosis in PC12 cells by modulating the levels of reactive oxygen species[END_REF][START_REF] Tang | Punicalagin suppresses the proliferation and invasion of cervical cancer cells through inhibition of the -catenin pathway[END_REF] and ameliorates obesity and obesity induced inflammatory responses [START_REF] Kang | Punicalagin, a Pomegranate-Derived Ellagitannin, Suppresses Obesity and Obesity-Induced Inflammatory Responses Via the Nrf2/Keap1 Signaling Pathway[END_REF] whereas ellagic acid exhibits antioxidant, anti-inflammatory, anti-diabetes properties and offers protection of liver [START_REF] Goyal | Ellagic acid ameliorates cisplatin induced hepatotoxicity in colon carcinogenesis[END_REF][START_REF] Ríos | A Pharmacological Update of Ellagic Acid[END_REF]. Thus, it would be worth implementing selective extractions in order to tune the extract composition upon the sought health outcome.

The extraction of antioxidant compounds from pomegranate by-products is extensively reported in the literature. However, most studies are carried out on peels [4,8,15 19] and only two report extractions from the whole residue [START_REF] Bustamante | Extraction and microencapsulation of bioactive compounds from pomegranate (Punica granatum var. Wonderful) residues[END_REF]21], with one in which peels and seeds were separated prior to their extraction [START_REF] Bustamante | Extraction and microencapsulation of bioactive compounds from pomegranate (Punica granatum var. Wonderful) residues[END_REF]. Extractions are usually performed by maceration in aqueous and/or organic solvents [START_REF] Amyrgialaki | Optimisation of the extraction of pomegranate (Punica granatum) husk phenolics using water/ethanol solvent systems and response surface methodology[END_REF][START_REF] Wang | Extract of phenolics from pomegranate peels[END_REF], with occasionally a technological assistance by ultra sound, high pressure or enzymes [7,16,18,22 24], but very few studies report extraction by supercritical CO 2 technology [START_REF] Mushtaq | Enzyme-assisted supercritical fluid extraction of phenolic antioxidants from pomegranate peel[END_REF][START_REF] Bustamante | Extraction and microencapsulation of bioactive compounds from pomegranate (Punica granatum var. Wonderful) residues[END_REF][START_REF] Magangana | Processing Factors Affecting the Phytochemical and Nutritional Properties of Pomegranate (Punica granatum L.) Peel 2/mnfr[END_REF]. Regarding the extract characterization, studies mainly focus on the total phenolic content (TPC) that is an indicator of the antioxidant potential. On the other hand, pomegranate fruits are rich in carbohydrates like glucose and fructose [START_REF]ingredients of juices from pomegranate cultivars worldwide[END_REF]. Monitoring the extracts sugar content, a characteristic rarely addressed in literature, is therefore relevant.

The objectives and originality of the work were thus i) to compare various extraction techniques in terms of yields and extract composition, ii) the use of a whole pomegranate residue made of peels and seeds pomace, and iii) to address the extraction selectivity of ellagic acid and punicalagin. On the basis of conventional maceration extractions, the objective was to evaluate the possible added-value of adding scCO 2 especially in terms of selectivity among extracted phenolic compounds. Various methods employing generally recognized as safe (GRAS) solvents were therefore implemented and compared, namely maceration in ethanol, in water and in their mixture, and extraction by scCO 2 :ethanol and pressurized ethanol. Liquide, Floirac, France) were used. Folin reagent, sulfuric acid, anthrone, glucose, gallic acid, ellagic acid and punicalagin were from Sigma Aldrich (St Quentin Fallavier, France).

MATERIALS AND METHODS

Sample preparation

Pomegranate fruits were peeled and the fresh arils were squeezed in a hand-squeezer to extract the juice. The squeezing operation left a pomace made of seeds and pulp. On a fresh weight basis, peels and pomace represented 62 7 % and 38 9 % of the fruit leftovers, respectively. Peels and pomace were separately freeze-dried and ground to powder in a coffee grinder then stored at -18°C until use. Grinding was performed by batches of about 20 g of material, and each batch was carried out through four sequential 10 sec grinding steps with manual mixing in between so as to avoid undesired heating of the ground material. For extractions, the peel and pomace powders were mixed in equivalent mass (50:50 w:w) to reconstitute a pomegranate residue.

Extraction methods

The pomegranate residue was extracted by various methods, using either ethanol and/or water and/or scCO 2 :ethanol mixture as solvents. All extractions were performed at 60°C since a mild heating at 52-67°C was reported to soften the plant tissue, weaken the cell wall integrity, hydrolyze phenol-protein and phenol-polysaccharide bonds and increase the phenolic compound solubility [START_REF] Mushtaq | Enzyme-assisted supercritical fluid extraction of phenolic antioxidants from pomegranate peel[END_REF][START_REF] Tabaraki | Optimization of ultrasonic-assisted extraction of pomegranate (Punica granatum L.) peel antioxidants by response surface methodology[END_REF]. Regarding solvents, methanol and ethanol are both efficient to extract phenolics and antioxidants, but ethanol was preferred because of its food grade and GRAS status.
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2.3.1. Maceration in ethanol, water, or mixture of ethanol:water (50:50 v:v)

Ethanol, water and a mixture ethanol:water (50:50 v:v) were assessed for extractions by maceration. For each solvent, 3 successive extractions were carried out in order to exhaust the matrix. The pomegranate sample (6.03 g +/-0.03 g) and 60 mL solvent were mixed in a round-bottom flask equipped with a boil and condense system. The mixture was continuously stirred for two hours at 60 °C. The phases were then separated by centrifugation at 3700 g for 10 min and the solid residue was further submitted to a second maceration while the supernatant was recovered. Thereafter, the solid residue was submitted to a third extraction. A total volume of 180 mL of solvent was therefore used for maceration. Extracts were kept in amber vials at -18°C until analysis.

Extraction by scCO 2 :EtOH mixtures

CO 2 -based extractions were performed using a home-made system previously described [START_REF] Bardeau | Recovery of oils from press cakes by CO2-based technology[END_REF][START_REF] Savoire | Selective extraction of phospholipids from food by-products by supercritical carbon dioxide and ethanol and formulating ability of extracts[END_REF]. In this work, the extraction vessel of 10 cm 3 (13 mm i.d. x 75 mm L, TOP Industrie, Vaux le Penil, France) was filled with alternate layers of pomegranate sample and glass beads of 2 mm to avoid caking. About 4 g of pomegranate residue were loaded (4.12 +/-0.08 g).

The extractor was purged with a gentle flow of CO 2 to remove air before being heated to the desired temperature of 60°C by an electric heating tape. CO 2 was then introduced to pressurize the installation at the desired pressure of 25 MPa and the system was stabilized at this pressure with neat CO 2 flowing at 2.40 +/-0.07 g/min. Ethanol was then delivered by the co-solvent pump at a flow rate of 0.6 or 1.3 mL/min depending on the desired fluid composition of 15 wt% or 30 wt % in ethanol. According to the P-T-x bubble point curves [START_REF]Experimental measurements and modeling with a cubic equation of state[END_REF], the pressure of 25 MPa is far above the critical pressure of the CO 2 :EtOH mixture at 60 °C, therefore the extracting CO 2 :EtOH mixture was monophasic whatever the ethanol percentage. The CO 2 and cosolvent flow rates, delivered by two Gilson pumps (model 305, heads 25SC and 10SC, Gilson International, Villiers le Bel, France) were checked by a gasmeter and by the cosolvent volume consumption over time, respectively. A heater-cartridge (TOP Industrie SAS, Vaux le Pénil, France) heated the fluid mixture to the desired temperature of extraction prior to its introduction into the extractor vessel. At the extractor exit, the CO 2 :ethanolic extract was vented to atmospheric pressure through a micrometering valve (Autoclave Engineer, Autoclave Maxitech, Rantigny, France) connected to a cyclonic separator whose flask at the bottom was immersed into ice. The extraction was carried out for 180 min, then, pure supercritical CO 2 was delivered for 90 min to flush out the ethanol and to 10 min and the solid residue was further submitted to a second maceration while the 10 min and the solid residue was further submitted to a second maceration while the recovered. Thereafter, the solid residue was submitted to a third extraction. A recovered. Thereafter, the solid residue was submitted to a third extraction. A total volume of 180 mL of solvent was therefore used for maceration. Extracts were kept in total volume of 180 mL of solvent was therefore used for maceration. Extracts were kept in xtractions were performed using a home xtractions were performed using a home--made system made system of 10 cm of 10 cm , the pressure of 25 , the pressure of 25 °C, therefore the extracting CO °C, therefore the extracting CO

The CO recover the extract remaining in the pipes. Extracts were collected every 30 min or so by changing the trap flask, the last one being collected at the end of the CO 2 flushing. The first extract when using CO 2 :EtOH15% was however collected at 60 min. Extracts were stored at -18°C in amber vials until analysis. The 30% EtOH experiment was duplicated for reproducibility assessment. The observed deviations were less than 5% for yields and less than 7% in extract compositions.

Extraction by pressurized EtOH

The use of pressurized ethanol as extraction solvent was assessed. Extractions were conducted in a dynamic mode since solvent continuously flowed through the matrix. They were carried out in the same apparatus as the CO 2 : EtOH extractions. The system was first pressurized at 3

MPa with CO 2 before introducing ethanol up to the desired pressure. Ethanol was then delivered at a flow rate of 1.5 mL/min. The pressure and the temperature were set at 6 MPa and 60°C respectively. At the end of the 83 min dynamic extraction, neat CO 2 was flowed to the extractor at 18 MPa for 90 min to flush out ethanol and recover the extract remaining in the pipes. The extract was collected every 20 min by changing the trap flask, the last one being collected at the end of the CO 2 flushing. The extracts were kept in amber vials at -18°C until analysis. The experiment was duplicated for reproducibility assessment. Deviations were less than 7% in yields and extract compositions.

Extract characterization

Extracts were evaporated under reduced pressure (RE 300DB, Stuart , UK, 30 kPa) then freeze-dried (Cryotec lyophilizer, Cosmos 80, France, vacuum 6.7 Pa; -85 o C). The global extraction yield is expressed as the amount of extract per 100 g of dry pomegranate residue.

The dried extracts were dissolved in aqueous ethanol for analysis.

Total sugars and total phenolic compounds were quantified as summarized in [START_REF] Joseph | O/W Pickering emulsions stabilized by cocoa powder: Role of the emulsification process and of composition parameters[END_REF]. Briefly, the amount of total sugars was evaluated using the anthrone-sulfuric acid assay in which carbohydrates were hydrolyzed (150 µL of reagent for 50 µL of sample) and the resulting furfuralic compounds were assayed by measuring the absorbance at 620 nm in microplates (Model UH5300, Hitachi, Tokyo, Japan) using a glucose calibration curve from 0 to 100 mg.L -1 . Analyses were performed at least in triplicate and observed variations were below 9%. The total phenolic amount was quantified using Folin-Ciocalteu reagent (100 µL for 20 µL of sample), measuring the absorbance at 750 nm in microplates and calculating the TPC content thanks to a gallic acid calibration curve from 0 to 100 mg.L - For instance, using water as extracting solvent from peels, Cam [22] and Wang [START_REF] Wang | Extract of phenolics from pomegranate peels[END_REF] reported very different yields of 17% and 43%, respectively, whereas they obtained the same yield of 46% when methanol was used.

Compared to macerations performed at atmospheric pressure, the use of a CO 2 :EtOH mixture led to smaller yields though a notable increase was shown when the ethanol content increased. The obtained range of yield was consistent with values of 85 mg/ g feed [START_REF] Bustamante | Extraction and microencapsulation of bioactive compounds from pomegranate (Punica granatum var. Wonderful) residues[END_REF] and 189.1 mg/ g feed [START_REF] Mushtaq | Enzyme-assisted supercritical fluid extraction of phenolic antioxidants from pomegranate peel[END_REF] reported in the case of extraction of pomegranate peels by CO 2 :10-20% In order to more accurately discuss the methods, the global extraction kinetics are given in Fig. 1 as function of time (Fig. 1A) or as function of the solvent volume-to-mass ratio (or cosolvent volume in the case of CO 2 -based extractions) (Fig. 1B) to better address solubilization issues.

The three macerations with water, ethanol and water:EtOH mixture exhibited a similar extraction curve shape with 64 to 75% of the total amount recovered during the first extraction step. The extraction rate (slope of the curve) then slowed down especially at the third maceration indicating a progressive exhaustion of the pomegranate residue in extractable compounds. Compared to water or hydroalcoholic mixture, pure ethanol led to lower yields that showed a lower solubilization ability of that solvent.

Regarding the three pressurized extractions, the curve for CO 2 :30%EtOH exhibited a typical profile with a first constant rate period attributed to a limitation by solubility followed by a period of slower rate indicative of a limitation by mass transfer [START_REF] Tita | Model assisted supercritical fluid extraction and fractionation of added-value products from tobacco scrap[END_REF]. The increase of the ethanol content from 15 to 100% strongly increased the initial rate indicating a marked enhancement of the solubility in the resulting solvent. At 15% of ethanol, the limitation by the poor solubility lasted the whole duration of the extraction. In the plot of yield as a function of the volume to solid ratio (Fig 1B ), the ratio was calculated by considering only the co-solvent volume for CO 2 experiments so that the Vs/S was in the same order of magnitude as for the other conditions. The curves obtained at 15%, 30% and 100% ethanol did not coincide, indicating that though the same volume of ethanol was used, the solvation ability of this solvent strongly decreased when it was mixed with the apolar CO 2 . The plots also showed that, in the case of pure ethanol extraction, the pressure of 6 MPa did not exert an important effect neither on the kinetics shape nor on the extraction yields.

Sugars extraction. All produced extracts were sticky, indicating a noticeable extraction of sugars. Noteworthy is that since analysis is performed after acid hydrolysis of extracts, it provides no information about the nature (oligosaccharides or polysaccharides) of sugars.

The sugar extraction yield was found to vary between 60 and 406 mg/g feed (Table 1). The (Fig. 1B) (Fig. 1B) mixture mixture exhibited a similar exhibited a similar of the total amount recovered during the first of the total amount recovered during the first (slope of the curve) then slowed down then slowed down exhaustion of the pomegranate exhaustion of the pomegranate Compared to water or hydroalcoholic mixture, pure e Compared to water or hydroalcoholic mixture, pure e ability of that solvent. that solvent.

the three pressurized extractions, the three pressurized extractions, the the curve curve for CO rate period attributed to a limitation by solubility followed by a rate period attributed to a limitation by solubility followed by a for CO for CO 2 2 experiments experiments other conditions. other conditions. The curves obtained at 15%, 30% and indicating that though the same volume of ethanol was used, the solvation ability of this indicating that though the same volume of ethanol was used, the solvation ability of this lowest value was obtained at CO 2 :15% ethanol, i.e. for the solvent of lowest polarity. The fact that CO 2 :ethanol mixture can solubilize carbohydrates was already demonstrated by solubility measurements [START_REF] Savoire | Selective extraction of phospholipids from food by-products by supercritical carbon dioxide and ethanol and formulating ability of extracts[END_REF] or by their co-extraction along with phenolics from carob biomass [START_REF] Roseiro | Supercritical, ultrasound and conventional extracts from carob (Ceratonia siliqua L.) biomass: Effect on the phenolic profile and antiproliferative activity[END_REF] or strawberry receptacles [START_REF] Sato | Effect of temperature and pressure on the extraction of strawberry receptacles with a mixture of supercritical carbon dioxide and entrainers[END_REF]. In maceration, the extraction of sugars increased with the water content of the solvent, going from 214 mg GE/g feed in pure ethanol to 406 mg/g feed in pure water. According to Sato et al [START_REF] Roseiro | Supercritical, ultrasound and conventional extracts from carob (Ceratonia siliqua L.) biomass: Effect on the phenolic profile and antiproliferative activity[END_REF], the extraction of sugars is correlated to the dielectric constant of the solvent which increases with the water content of hydroalcoholic mixtures, because of the many hydroxyl groups present in the carbohydrates molecules. When ethanol was pressurized, a significant enhancement of sugar extraction was observed with a yield that attained 368 mg/ g feed . Though moderate (6 MPa), the pressure hence exerted a positive effect.

It was assumed that pressure induced a structural modification of the plant cells causing less resistance for mass transfer.

Total Phenolic Content (TPC). When CO 2 : EtOH was used as solvent, the global extraction of phenolics was very low, even though this amount increased with the cosolvent content. The gain was similar to that reported in literature when pomegranate peels were extracted [START_REF] Bustamante | Extraction and microencapsulation of bioactive compounds from pomegranate (Punica granatum var. Wonderful) residues[END_REF].

The mixing of CO 2 with EtOH increases the solvent polarity and improves phenolics solubility through solute-cosolvent hydrogen bonds [START_REF] Gurina | Features of solvation of phenolic acids in supercritical carbon dioxide modified by methanol and acetone[END_REF]. Nonetheless, that mixture was not polar enough to extract phenolics as efficiently as pure ethanol for which an increase of 10fold was obtained for the yield. As with sugar extraction, the recovery of phenolics was enhanced by operating under pressure, a behavior already noticed in literature [START_REF] Alexandre | Experimental Design, Modeling, and Optimization of High-Pressure-Assisted Extraction of Bioactive Compounds from Pomegranate Peel[END_REF]. Water was found to be a more efficient solvent than ethanol for phenolics extraction, and slightly higher yield was obtained when ethanol and water were mixed. Although the relative efficacy of pure ethanol and pure water might be controversial in published studies, the literature tends to agree that hydroalcoholic solvents yield better performances for pomegranate phenolics recovery than the pure solvents [START_REF] Singh | Phenolic compounds as beneficial phytochemicals in pomegranate ( Punica granatum L.) peel: A review[END_REF][START_REF] Wang | Extract of phenolics from pomegranate peels[END_REF][START_REF] Tabaraki | Optimization of ultrasonic-assisted extraction of pomegranate (Punica granatum L.) peel antioxidants by response surface methodology[END_REF][START_REF] Zuorro | Effect of solvent type and extraction conditions on the recovery of phenolic compounds from artichoke waste[END_REF]. The beneficial effect is ascribed to the influence of a widened solubilizing ability towards glycosylated phenolics, to the matrix swelling that facilitates the solvent penetration and to the weakening of the phenolic-matrix bonds.

Regarding the range of yield obtained here compared to literature, Saffarzadeh et al [21] reported a value of 110 mg GAE/g waste in similar conditions, a yield that attained 230 mg GAE/g waste under optimized conditions [START_REF] Amyrgialaki | Optimisation of the extraction of pomegranate (Punica granatum) husk phenolics using water/ethanol solvent systems and response surface methodology[END_REF]21] . yield was obtained when ethanol and water were mixed yield was obtained when ethanol and water were mixed ethanol and pure water might be controversial in published studies, the literat ethanol and pure water might be controversial in published studies, the literat agree that hydroalcoholic solvents yield better performances agree that hydroalcoholic solvents yield better performances TPC is a global quantification of the amount of phenolic extracted but it gives no indication of the complexity of the extracted phenolic pool contrary to the HPLC analysis. Ellagic acid and punicalagin yields. Ellagic acid and punicalagin are the major bioactive compounds in pomegranate. The simultaneous quantification of the two components in pomegranate extracts is however rarely addressed [21,[START_REF] Masci | Evaluation of different extraction methods from pomegranate whole fruit or peels and the antioxidant and antiproliferative activity of the polyphenolic fraction[END_REF]. Punicalagin is an ellagitannin found in two forms that were well separated by HPLC (Fig. 2). The respective proportions of punicalagin and were 40% and 60%, a ratio that was consistent with literature data [22].

carbohydrates
EA and PU were both quantified and their global extraction yields were expressed in mg/g pomegranate residue (Table 1). The maximum extraction yields of the two compounds were very different: 3.2 mg/ g feed for EA and 14.7 mg/g feed for PU. Data reported in Table 1 showed the high specificity of the scCO 2 :EtOH solvent since punicalagins were not extracted even at the condition of 30% EtOH. In contrast, the extraction of ellagic acid was sensitive to the ethanol content and increased with it. The ethanol maceration allowed to extract both ellagitannins and the pressurization to 6 MPa enhanced both EA and PU extractions but to a larger extend for EA. Water was a more influential solvent for PU and the overall behavior might be related to PU higher solubility in aqueous solvents than in alcohol, whereas EA is more soluble in solvents less polar than water [START_REF] Alfei | Ellagic acid a multi-target bioactive compound for drug discovery in CNS? A narrative review[END_REF]. Nevertheless, as with TPC, water and ethanol did show a synergic effect when mixed since the highest extraction yields were Similar relative intensities of peaks, especially regarding PU and EA, were Similar relative intensities of peaks, especially regarding PU and EA, were for various aqueous ethanol for various aqueous ethanol ratio in solvent increased ratio in solvent increased. . On contrary, t

EtOH 15% was much simpler EtOH 15% was much simpler only few peaks were detected between 2 and 15 min whereas the ellagic acid peak only few peaks were detected between 2 and 15 min whereas the ellagic acid peak A). The chromatographic analysis therefore evidenced a A). The chromatographic analysis therefore evidenced a extraction. .

Ellagic acid and punicalagin yields.

Ellagic acid and punicalagin yields. Ellagic Ellagic acid and punicalagin are the major bioactive

The simultaneous simultaneous pomegranate extracts is however rarely addressed pomegranate extracts is however rarely addressed that were were well well separated by HPLC ( separated by HPLC ( and were 40% and 60%, were 40% and 60%, were both both quantified and their global extraction yields were expressed in mg/g quantified and their global extraction yields were expressed in mg/g pomegranate residue pomegranate residue (Table 1) (Table 1) very different very different: 3.2 mg/ : 3.2 mg/ the high specificity of the the high specificity of the obtained with the hydroethanolic solvent. The values obtained were consistent with literature data [21,[START_REF] Masci | Evaluation of different extraction methods from pomegranate whole fruit or peels and the antioxidant and antiproliferative activity of the polyphenolic fraction[END_REF].

The kinetics of total phenolics (TPC), sugars, ellagic acid and punicalagins extractions are reported in Fig. 3. For better visualization, EA and PU yields were multiplied by 10 to be on the same scale as TPC for all figures except for CO 2 :15% EtOH and CO 2 :30%EtOH (Fig. 3A and 3B respectively). For TPC, the three macerations with ethanol (Fig. 3D), ethanol:water (Fig. 3E) and water (Fig. 3F) exhibited a similar curve shape with an extraction that slowed down at the third extraction though matrix exhaustion was not completed. The rate with ethanol as solvent was however lower than with the other solvents. Unlike TPC, extractions of PU and EA were almost completed though some PU could have been gained by performing more steps of macerations. From a process standpoint, continuing the extraction while the extraction rate decreases is however not economically attractive due to the larger solvent consumption and the recovery of more and more diluted solutions. For sugars, regardless of the solvent, 68 to 71% of the total amount were extracted during the first maceration whereas the third one contributed for less than 6%. For extractions with pressurized solvents, the kinetics at CO 2 :15%EtOH (Fig. 3A) shows limitation by solubility throughout all duration of the extraction for each class of compounds. This limitation was already noticed for the total extraction yield (Fig. 1). It is worth reminding that the time for the last fraction corresponds to the last CO 2 :EtOH extraction augmented by the duration of the system rinsing by neat CO 2 , so the apparent final slowing down is due to the time scale. For CO 2 :30%EtOH, the extraction rate was constant during 68 min then extraction slowed down to reach a plateau at 150 min (Fig. 3B). It is worth noting that all classes of compounds were present in the first extract whatever the techniques indicating that there were all quite readily accessible.

Extract composition.

The yield reflects the process performances but the composition is of great importance for assessing the extract quality. The composition of the final extracts produced by the various methods is given in Fig. 4.

Among the quantified classes, carbohydrates were predominant in all extracts even in those obtained at conditions of lower solvent polarity (scCO 2 -based extractions). On dry weight basis, extracts were composed of sugars at 40 to 70%. Regarding the phenolic contents, the exhibited a similar curve shape with an extraction that slowed exhibited a similar curve shape with an extraction that slowed though matrix exhaustion was not completed though matrix exhaustion was not completed. The rate with The rate with ethanol as solvent was however lower than with the other solvents. Unlike TPC, extractions of ethanol as solvent was however lower than with the other solvents. Unlike TPC, extractions of completed though some PU could have been gained by completed though some PU could have been gained by From a process standpoint, continuing the extraction while the From a process standpoint, continuing the extraction while the is however not economically attractive due to the larger solvent is however not economically attractive due to the larger solvent consumption and the recovery of more and more diluted solutions. consumption and the recovery of more and more diluted solutions.

total amount total amount were extracted were extracted during the third one contributed for less than the third one contributed for less than 6 6% %. For extractions with pressurized solvents, For extractions with pressurized solvents, :15%EtOH (Fig. 3A) :15%EtOH (Fig. 3A) shows shows limitation by solubility throughout all limitation by solubility throughout all for each class of compounds. This limitation was for each class of compounds. This limitation was (Fig. 1). For extractions performed by maceration with three steps, all compounds were significantly extracted by the first step with a minimum of 64% of the global extracted yield, but the kinetics study pointed the need for performing additional extractions if higher yields were desired.

even with even with the the , because of the high pressure , because of the high pressure applied 704 704 mg GE/g of dry extract. mg GE/g of dry extract. 

  extraction. Macerations in ethanol extraction. Macerations in ethanol and pressurized ethanol and pressurized ethanol were compared on the basis of yields, kinetics and extract composition. H High igh extraction yiel extraction yiel significant extraction of sugars significant extraction of sugars even sensitive to the solvent polarity sensitive to the solvent polarity most extracts whereas extracts whereas other phenolics was maximal, other phenolics was maximal, thus highlighting the selectivity of time, extracts time, extracts of of high purity in EA and devoid of PU high purity in EA and devoid of PU 1. INTRODUCTION

  GAE: gallic acid equivalent, GE: glucose equivalent GAE: gallic acid equivalent, GE: on 2 replications for CO2:EtOH standard deviation based on 2 replications for CO2:EtOH , for each sample, , for each sample, on 3 HPLC analyses for EA and PU determinations and 3 on 3 HPLC analyses for EA and PU determinations and 3 analyses for TPC and sugar quantifications. quantifications. *: quantification of punicalagin is given as the total of the two forms ion yield yield. The The global global extractions using using sc scCO CO led to led to similar similar Saffarzadeh et al EtOH. It is worth noting that when the extraction was performed using neat CO 2 the extraction yield was almost zero. The addition of ethanol hence led to a significant increase of the extracted amount. The ability of this cosolvent to develop a molecular affinity for polar compounds is well known [31]. Regarding pressurized ethanol, the global yield was slightly improved compared to maceration.

  period of slower rate indicative of a limitation by mass transfer period of slower rate indicative of a limitation by mass transfer nt from 15 to 100% strongly increased the nt from 15 to 100% strongly increased the enhancement of the solubility ubility in in the the resulting solvent poor solubility lasted the whole duration of the extraction. poor solubility lasted the whole duration of the extraction. the volume to solid ratio the volume to solid ratio (Fig 1B) (Fig 1B)

Fig. 2

 2 shows typical chromatograms obtained for extracts recovered by the various methods. The chromatographic profiles of extracts obtained by ethanol, pressurized or not, or water/ethanol extraction (Fig 2B to 2D) exhibited many peaks especially at retention times between 2 and 20 min. Chromatograms were rather similar in complexity though some differences in the relative intensity of peaks could be seen at the vicinity of punicalagins (PU) retention. Similar relative intensities of peaks, especially regarding PU and EA, were noticeable in chromatograms presented by Sumere et al. [23] for various aqueous ethanol extracts, with decreasing PU/EA ratio as ethanol ratio in solvent increased. On contrary, the chromatographic profile of the extract obtained with CO 2 :EtOH 15% was much simpler since only few peaks were detected between 2 and 15 min whereas the ellagic acid peak (EA) was clearly visible at 35 min (Fig 2A). The chromatographic analysis therefore evidenced a selectivity provided by the scCO 2 -based extraction.

CONCLUSION

  In this work, extractions were performed on a pomegranate residue made of peels and aril pomace to represent an industrial juice processing waste. Several extraction techniques employing different GRAS solvents and under different pressure conditions were implemented. For the first time, a systematic analysis of sugar extraction yields and measurement of sugar contents in extracts was performed. All extractions gave large extraction yields, up to 61%, due to the high extraction of sugars even with the lower polarity solvents made by CO 2 and 15-30% ethanol, because of the high pressure applied. The concentrations of sugars therefore ranged between 420 and 704 mg GE/g of dry extract. Ellagic acid and punicalagin are the well-known bioactive phenolics in pomegranate. Since they display different biological activities, their individual extraction yields and contents in extracts were quantified in addition to the total phenolic content. The solvent was found to influence the extraction efficiency of these compounds inducing therefore a selectivity in the extract composition. The ethanol:water mixture allowed for obtaining the highest yield in phenolics including in EA and PU with five times higher concentration in PU compared to EA, and moderate concentration in sugar. The highest specificity was shown by the supercritical technology using CO 2 :EtOH mixture with 15 or 30 wt% in cosolvent since extracts did not contain PU but had similar concentrations of EA as the other extracts and contained the lowest amounts of phenolics. The technique therefore provided the highest purity in EA (accounting for 50% of the total phenolics) but at the detriment of yield compared to the ethanol:water maceration. The extraction efficiency was improved by an increasing cosolvent content of the CO 2 :EtOH mixtures mostly due to a positive effect on solubility since the kinetics of extraction at 15%EtOH was shown to be limited by this parameter. Investigation of supercritical extraction using CO 2 :EtOH mixture would allow optimization of the EA extraction yield and may improve selectivity towards sugar content.

  known bioactive phenolics in pomegranate. Since known bioactive phenolics in pomegranate. Since activities, their individual extraction yields and contents in activities, their individual extraction yields and contents in in addition to the total phenolic content. The solvent in addition to the total phenolic content. The solvent influence the extraction efficiency of these compounds influence the extraction efficiency of these compounds inducing inducing ct composition. The ethanol:water mixture allowed for obtaining the highest yield in ct composition. The ethanol:water mixture allowed for obtaining the highest yield in with with five times higher five times higher EA, and moderate concentration in sugar EA, and moderate concentration in sugar. The highest specificity was shown by the supercritical technology using CO CO 2 2 :EtOH mixture :EtOH mixture did not contain PU PU but had similar concentrations of EA as the other extracts and but had similar concentrations of EA as the other extracts and contained the lowest amounts of phenolics contained the lowest amounts of phenolics (account accounting ing for for 50 compared to the ethanol:water maceration. The extraction efficiency was improved by an compared to the ethanol:water maceration. The extraction efficiency was improved by an increasing cosolvent content of the CO increasing cosolvent content of the CO solubility since the kinetics solubility since the kinetics nvestigation of supercritical extraction using CO . Composition (in mg/ g dry extract) of extracts produced by the various extraction methods in A: total phenolics (TPC, mg GAE/ g d.e ) and sugars (mg GE/ g d.e ); B: ellagic acid (mg EA/ g d.e ) and punicalagin (mg PU/g d.e ). d.e.: dry extract. . Composition (in mg/ g dry extract) of extracts produced by the various . Composition (in mg/ g dry extract) of extracts produced by the various

Table 1 .

 1 1 . It was checked that the The use of pressurized ethanol as extraction solvent was assessed. Extractions were conducted The use of pressurized ethanol as extraction solvent was assessed. Extractions were conducted in a dynamic mode since solvent continuously flowed through the matrix. They in a dynamic mode since solvent continuously flowed through the matrix. They were carried Table1reports the specific yields obtained for different compounds or class of compounds when using the various techniques. Extraction yields of total extract, total phenolics (TPC), ellagic acid, punicalagin and total sugar obtained by the various extraction methods. GAE: gallic acid equivalent, GE: glucose equivalent, feed: dry The global extraction yields were above 466 mg/g feed in all cases except for extractions using scCO 2 . Macerations in pure water or in combination with ethanol (50:50 vol%) led to similar yields of 600 mg/ g feed , a value that was consistent with the 614 mg/g feed reported by Saffarzadeh et al[21] for similar residue and close conditions. High yields are not uncommon for pomegranate extractions though discrepancies may exist between studies.

	The system was first pressurized The system was first pressurized
	up to the desired pressure up to the desired pressure
	The pressure and the temperature were set The pressure and the temperature were set
	dynamic dynamic extraction, neat CO extraction, neat CO
	flush out flush out ethanol and recover the extract remaining in ethanol and recover the extract remaining in
	every 20 min by changing every 20 min by changing
	CO 2 flushing flushing. The extracts were kept
	experiment was duplicated duplicated for
	and extract composition and extract composition
	characterization characterization
	were evaporat were evaporated ed under reduced under reduced
	dried dried (Cryotec lyophilizer, Cosmos (Cryotec lyophilizer, Cosmos
	ion yield yield is is expressed as expressed as
	ried extracts were dissolved in ried extracts were dissolved in

amount of sugar in analyzed diluted samples did not interfere with the TPC determination (calibration curves in the presence of sugar were similar to the original calibration curve).

Analyses were performed at least in triplicate and the observed variations were below 4.5%. standard method (EA and PU standard solutions in methanol). Punicalagin is found in two forms ( -and ) in pomegranates. The HPLC analysis allowed the detection of the two forms but the quantification was assayed as punicalagin (total of the two forms) since standards of each form do not exist. The calibration curves ranged from 0.1 to 44 µg for PU and from 0.1 to 60 µg for EA Identification of phenolics was performed by LC-MS with a mass spectrometer model QTRAP® 5500 (Sciex, Villebon sur Yvette, France) coupled to a LC system (Shimatzu, Marne-la-Vallée, France). Method is detailed in supplementary data together with mass spectra of some of the identified phenolic compounds. Among the 48 phenolic compounds identified by Fischer et al

[START_REF] Fischer | Identification and quantification of phenolic compounds from pomegranate (Punica granatum L.) peel, mesocarp, aril and differently produced juices by HPLC-DAD ESI/MSn[END_REF]

, 32 were detected in several extracts produced here. Most of these phenolics were hydrolysable tannins such as ellagitannins, and glycosylated phenolics.

Results are given as mean +/-standard deviation based on 2 replications for CO2:EtOH 70:30 w% and pressurized ethanol, and, for each sample, on 3 HPLC analyses for EA and PU determinations and 3 to 5 analyses for TPC and sugar quantifications. *: quantification of punicalagin is given as the total of the two forms and anomers Extraction yield.

  large differences: 9.5 to 117.0 mg GAE/ g d.e for TPC, from 2.3 to 6.0 mg/ g d.e for EA and from 0 to 24.2 mg/ g d.e for PU. These values are consistent with those obtained by ultrasound extraction of peels[START_REF]Kinetics of extraction in terms of extract yield as a function of (A) time or as function of (B) the volume of solvent (cosolvent in case of CO 2 -based extraction) used per g of pomegranate feed (Vs/S ratio), for the various implemented methods. Lines are only guides for eyes. Extraction conditions: 60°C; sc-CO 2 extractions performed at 25 MPa by CO2:EtOH mixtures (fluid composition of 15 wt% or 30 wt % ethanol); dynamic pressurized ethanol extraction performed at 6 MPa. . Kinetics of extraction of total phenolics (TPC), sugars, ellagic acid (EA) and punicalagins (PU) for the various methods. A and B: o ellagic acid (mg EA/g feed ), x punicalagin (mg PU/ g feed ), TPC (mg GAE/ g feed feed ). C to F: o ellagic acid (x 10 mg EA/ g feed ), x punicalagin (x 10 mg PU/ g feed ), TPC (mg GAE/ g feed feed). . Kinetics of extraction of total phenolics (TPC), sugars, ellagic acid (EA) and . Kinetics of extraction of total phenolics (TPC), sugars, ellagic acid (EA) and[END_REF]. The specificity of the scCO 2 :EtOH mixture was clearly evidenced since the obtained extracts were devoid of the water-soluble punicalagin but had concentrations of EA similar to the other extracts while containing the lowest amounts of phenolics and moderate concentration of sugar. Therefore, the selectivity between ellagic acid and punicalagin and, on the other hand, the purity of ellagic acid with respect to other phenolics was maximal. Extracts from pure ethanol showed similar concentrations of EA and PU. The pressurization increased notably the concentration in sugar, and this could contribute to the quite high content in sugar found in scCO 2 -based extracts.Macerations carried out with water-based solvents produced extracts with similar composition in total phenolics, but pure water clearly increased the content in sugars. On the other hand, water-based solvents exhibited a clear selectivity towards PU, since PU concentration of extracts was five times higher than that of EA. Therefore the EtOH:water mixture (50:50 v:v)

	It is worth reminding that the It is worth reminding that the :EtOH extraction :EtOH extraction augmented by the duration of augmented by the duration of the apparent final slowing down is due to the time scale. the apparent final slowing down is due to the time scale. was constant was constant during 68 min then during 68 min then B). It is worth noting that all classes of compounds were It is worth noting that all classes of compounds were whatever the techniques indicating that whatever the techniques indicating that ure ethanol ure ethanol notably the concentration in sugar notably the concentration in sugar found in found in scCO scCO 2 -based extracts based extracts extracts extracts with similar composition with similar composition increased the content in sugar increased the content in sugars. On the other hand based solvents exhibited a clear selectivity towards PU, since based solvents exhibited a clear selectivity towards PU, since Therefore the EtOH:water mixture (50:50 v:v) Therefore the EtOH:water mixture (50:50 v:v) high levels high levels in in phenolics (117 mg GAE/ g one of the lowest one of the lowest level levels in The proposed methods were thus producing extracts of various composition opening The proposed methods were thus producing extracts of various composition opening opportunity to select the extraction method on purpose. opportunity to select the extraction method on purpose. yields, scCO yields, scCO 2 modified modified with ethanol was of particular interest provided the highest purity in provided the highest purity in ellagic acid ellagic acid amounts of sugars in a in all ll extracts irrespective of the method extracts irrespective of the method first reported extr first reported extraction method action method poor in other phenolics poor in other phenolics but rich in EA the other methods. the other methods. In various techniques originated extraction followed by a partition of the extract in solvents of various polarity was developed extraction followed by extraction followed by
	to enrich extracts in ellagic acid and/or punicalagin [9,38]. However, none of these extracts
	contained only one of these two compounds. In addition, the selectivity obtained in this work
	might be further exploited to design a sequential extraction process enabling the recovery of
	two distinct fractions, one enriched in ellagic acid and the other in punicalagin. A first
	extraction by pressurized scCO 2 :EtOH would produce an ellagic acid extract and let a solid

appeared to be the best option to combine high levels in phenolics (117 mg GAE/ g d.e ), EA (5 mg/g d.e ) and PU (24 mg/g d.e ) to one of the lowest levels in sugars (445 mg GE/ g d.e ).

The proposed methods were thus producing extracts of various composition opening opportunity to select the extraction method on purpose. Although not appropriate to achieve high extraction yields, scCO 2 modified with ethanol was of particular interest since it provided the highest purity in ellagic acid. However, EA was always mixed with significant amounts of sugars in all extracts irrespective of the method. To our best knowledge, this is the first reported extraction method that leads in one step to an extract devoid of punicalagin and poor in other phenolics but rich in EA, i.e. at levels comparable to those obtained by any of the other methods. In literature, a two-step extraction procedure comprising an ethanol residue that could be further macerated in water or in water:ethanol mixture to recover punicalagin. Extraction combinations could also be guided by the recovery of sugar when aiming at producing extracts of limited sugar content.
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