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The ultrasound (US) assisted purification of polyphenols of apple skins by adsorption/desorption on the poly-aromatic Amberlite adsorbent XAD-16 was studied. The adsorption steps were done at different temperatures (T=25-40 o C) with application of US at different intensities (P=0-400 W). The desorption steps were tested in aqueous ethanol solution at different concentrations of ethanol (Cet=0-96%). The isotherm of polyphenol adsorption was well described using the Freundlich model. The data on adsorption kinetics and static isotherm evidenced the presence of adsorption on heterogeneous surface with broad distribution of adsorption times that can depend on content of polyphenols in the solutions and applied power of sonication. The studies of desorption revealed the optimum desorption efficiency of polyphenols at 50% concentration of ethanol. The desorption ratio was positively affected by the sonication during the adsorption step. The highest adsorption/desorption efficiency (recovery) was observed for polyphenols as compared with proteins and soluble matter content and it reached of ≈30.6 % (0 W) and 68.9 % (50 W) in absence and presence of sonication, respectively. The effects of high US power on the damage of XAD-16 were discussed. The obtained data evidenced on good perspective of application of adsorption/desorption procedure assisted by sonication for purification of polyphenols from apple skin extracts.

Introduction

The apple polyphenols present valuable bio-molecules with strong anti-inflammatory and beneficial effects to human health [START_REF] Ćetković | Assessment of polyphenolic content and in vitro antiradical characteristics of apple pomace[END_REF][START_REF] Joseph | Fruit polyphenols: A review of antiinflammatory effects in humans[END_REF][START_REF] Watson | Polyphenols in Plants. Isolation, Purification and Extract Preparation[END_REF][START_REF] Tu | An apple a day to prevent cancer formation: Reducing cancer risk with flavonoids[END_REF]. The content of polyphenols (e.g., procyanidins and flavonols) in apple skins is higher than in apple flesh or juice [START_REF] Khanizadeh | Polyphenol composition and total antioxidant capacity of selected apple genotypes for processing[END_REF][START_REF] Francini | Phenolic compounds in apple (Malus x domestica Borkh.): compounds characterization and stability during postharvest and after processing[END_REF][START_REF] Bourvellec | Impact of noncovalent interactions between apple condensed tannins and cell walls on their transfer from fruit to juice: Studies in model suspensions and application[END_REF]. The concentrations of the main polyphenols in the apple skins were estimated as 0.99-4.42 mg/g dry weight (DW) for (+)-catechin, 1.24-5.75 mg/g DW for (-)-epicatechin, 2.76-11.4 mg/g DW for rutin, and 0.71-2.42 mg/g DW for phloridzin [START_REF] Łata | Cultivar variation in apple peel and whole fruit phenolic composition[END_REF] .

Different solvent extraction methods with assistance of ultrasound (US), high hydrostatic pressure, pulsed electric fields and high voltage electrical discharges have been applied for recovery of polyphenols from apple products [START_REF] Acosta-Estrada | Bound phenolics in foods, a review[END_REF][START_REF] Amiri | Evaluation of agarose-entrapped magnetic nanoparticles influence on protein adsorption isotherm and kinetics using nickel-iminodiacetic acid ligand[END_REF][START_REF] Boukroufa | Biorefinery of orange peels waste: a new concept based on integrated green and solvent free extraction processes using ultrasound and microwave techniques to obtain essential oil, polyphenols and pectin[END_REF][START_REF] Boussetta | Extraction of valuable biocompounds assisted by high voltage electrical discharges: a review[END_REF][START_REF] Pinelo | Selective release of phenols from apple skin: Mass transfer kinetics during solvent and enzyme-assisted extraction[END_REF][START_REF] Puri | Enzyme-assisted extraction of bioactives from plants[END_REF][START_REF] Wang | Selectivity of ultrasound-assisted aqueous extraction of valuable compounds from flesh and peel of apple tissues[END_REF]. Commonly, purification of extracted polyphenols is required [START_REF] Peng | Preparation of graphene oxide-cotton fiber composite adsorbent and its application for the purification of polyphenols from pomegranate peel extract[END_REF]. For the concentration and purification of phenolic compounds adsorption/desorption method using resin adsorbents have been applied [START_REF] Kammerer | Adsorption and ion exchange: basic principles and their application in food processing[END_REF][START_REF] Soto | Recovery, concentration and purification of phenolic compounds by adsorption: a review[END_REF][START_REF] Silva | Optimisation of the adsorption of polyphenols from Inga edulis leaves on macroporous resins using an experimental design methodology[END_REF].

This method includes adsorption of polyphenols from aqueous solution due to the strong noncovalent bonding and aromatic stacking and following desorption of polyphenols in organic solvents (e.g. in ethanol or methanol). For example, such techniques were applied for separation and purification of anthocyanins from mulberry [START_REF] Chen | Adsorption properties of macroporous adsorbent resins for separation of anthocyanins from mulberry[END_REF] and blueberry [START_REF] Buran | Adsorption/desorption characteristics and separation of anthocyanins and polyphenols from blueberries using macroporous adsorbent resins[END_REF], total polyphenols, chlorogenic acid and phlorizin from thinned young apples [START_REF] Sun | Simultaneous separation and purification of total polyphenols, chlorogenic acid and phlorizin from thinned young apples[END_REF], and phenolic compounds from grape marc [START_REF] Zagklis | Purification of grape marc phenolic compounds through solvent extraction, membrane filtration and resin adsorption/desorption[END_REF].

The adsorption/desorption procedures are time-consuming [START_REF] Buran | Adsorption/desorption characteristics and separation of anthocyanins and polyphenols from blueberries using macroporous adsorbent resins[END_REF][START_REF] Zagklis | Purification of grape marc phenolic compounds through solvent extraction, membrane filtration and resin adsorption/desorption[END_REF]. Ultrasound assisted purification of polyphenols of apple skins by adsorption/desorption procedure based on using the adsorbent resins can be considered as the "green" purification technology with reduction of organic solvents and absorbents consumption, energy consumption, and purification time [START_REF] Both | Extraction of polyphenols from black tea--conventional and ultrasound assisted extraction[END_REF][START_REF] Chemat | Review of green food processing techniques. Preservation, transformation, and extraction[END_REF][START_REF] Chemat | Ultrasound assisted extraction of food and natural products. Mechanisms, techniques, combinations, protocols and applications. A review[END_REF]. US treatment can be used to accelerate mass-transfer and adsorption efficiency US has been applied to improve adsorption of phenolic compounds, aromatic pollutants, dyes, anthocyanins and metal ions [START_REF] Ali | Ultrasound-assisted adsorption of phenol from aqueous solution by using spent black tea leaves[END_REF][START_REF] Breitbach | Influence of ultrasound on adsorption processes[END_REF][START_REF] Dastkhoon | Ultrasound assisted adsorption of malachite green dye onto ZnS: Cu-NP-AC: equilibrium isotherms and kinetic studies--response surface optimization[END_REF][START_REF] Ji | Effect of ultrasound on adsorption of Geniposide on polymeric resin[END_REF][START_REF] Jing | Ultrasound enhanced adsorption and desorption of chromium (VI) on activated carbon and polymeric resin[END_REF][START_REF] Juang | Liquid-phase adsorption and desorption of phenol onto activated carbons with ultrasound[END_REF][START_REF] Midathana | Mechanistic studies in ultrasound-assisted adsorption for removal of aromatic pollutants[END_REF]. However, the adsorbent resins can be damaged under mechanical compression and ultrasonication [START_REF] Breitbach | Stability of adsorber resins under mechanical compression and ultrasonication[END_REF], and therefore the US-assisted adsorption of food polyphenols requires thorough adjustment to avoid extracts contamination. The US assisted adsorption/desorption of food polyphenols have been rarely discussed in the previous works. We can only refer the recent work [START_REF] Wu | Ultrasound assisted adsorption and desorption of blueberry anthocyanins using macroporous resins[END_REF] concerning US assisted anthocyanins purification from blueberries using adsorbent resins. This work studies purification of polyphenol extracts of apple skins using adsorption/desorption steps assisted by US. The poly-aromatic Amberlite XAD-16 was used as the adsorbent. The isotherms and kinetics of adsorption were studied at different US intensities (P=0-400 W) and temperatures (T=25-40 o C). The desorption from adsorbents saturated with bio-molecules was studied using ethanol-water solutions (Ceth=0-95%). The effects of sonication on purification of polyphenols were discussed.

Materials and methods

Materials

Commercial red apples (Gala) were selected as raw materials for the study. Apples of good and uniform quality (with near-spherical shape) were purchased at the local supermarket (Compiegne, France). The initial moisture content on wet basis for apple skin was 84.3% determined using MA 160 infrared moisture analyzer (Sartorius, Germany).

The hydrophobic poly-aromatic adsorbent Amberlite XAD-16 (Sigma Aldrich, France) was used in adsorption experiments. Commonly it is used for separation of large organic molecules up to 40,000 MW. According to manufacturer, the resin XAD-16 has surface area of 900 m 2 /g, mean pore radius of 5.0 nm, pore volume of 1.82 mL/g and dry density of 1.08 g/mL [START_REF]Anonymous, Product Information[END_REF]. To remove the impurities, porogenic agents and monomers trapped in the pores [START_REF] Buran | Adsorption/desorption characteristics and separation of anthocyanins and polyphenols from blueberries using macroporous adsorbent resins[END_REF] the resin (10g) was soaked in 95% ethanol (100 mL) for 6h and rinsed with distilled water (until eluate was clear). Then it was soaked in 5% HCl (100 mL) for 6h, rinsed with distilled water (until neutral effluent), soaked in 5% NaOH (100 mL) for 6h, and rinsed with distilled water (until neutral effluent). Finally it was dried in a convection oven UL50 (Memmert, Germany) at 70 o C for 24h. The final moisture content of resin was 80.39%.

Methods

The schema of experimental study is presented in Fig. 1. It includes the preparation of polyphenols extract from apple skins, adsorption step from aqueous extract on adsorbent XAD-16 assisted by sonication and desorption step from the XAD-16 saturated by adsorbed bio-molecules in aqueous-ethanol solutions.

Preparation of aqueous extract of biomolecules from apple skins

The slices (20 mm x 10 mm) from apple skins were prepared, dried in oven UL50 (Memmert, Germany) at 105 o C for 24h, and grinded into powder using the grinder MCG2013B-16 (150 W, 50 Hz, Mandine, France). Then the skin powder was put into a glass beaker filled with 50% ethanol aqueous solution with solid/liquid ratio of 1:10. The extraction was assisted using sonication applied with instrument UP 400S (400 W, 24 kHz, Hielscher GmbH, Stuttgart, Germany). The titanium ultrasonic probe H14 (Hielscher GmbH, Stuttgart, Germany) was used. The US treatment was done in pulsed mode with sequential application of n=6 ultrasonic pulses [START_REF] Wang | Selectivity of ultrasound-assisted aqueous extraction of valuable compounds from flesh and peel of apple tissues[END_REF]. After each pulse with duration of ∆tu=3 min, a pause with duration of ∆tw=2 min was applied. In order to avoid increasing temperature during US treatment, the glass beaker was put in an ice/cold water box to keep the temperature (≈25 o C).

The total time of US-assisted extraction was te =30 min.

The final extracts were centrifuged for 10 min at 4000 rpm (Laborzentrifugen 3-10, SIGMA, Osterode am Harz, Germany). The remove ethanol, the supernatant was concentrated at 40 o C in a vacuum rotary evaporator (Laborota 4001, Heidolph Instrument, Schwabach, Germany), then it was filtrated using filter paper (No.474, VWR, Geldenaaksebaan, Leuven) and stored at 4 ºC until further experiments. In the prepared polyphenol extract the total polyphenols content, TPC, protein content, PC, and soluble matter content, o Brix, were 6.3 mg/mL, 0.58 mg/mL, 21.4%, respectively.

Adsorption/desorption steps

The adsorption experiments were performed at 25-40 o C in a glass beakers by mixing of the resin (2 g) with polyphenol extracts (100 ml) at different concentrations of total polyphenols, C0 (0.01-6 mg/mL). The beakers were kept in shaking water bath SW22 (Julabo GmbH, Seelbach, Germany) at rate of 150 rpm. The total time of adsorption experiments was up to 1440 min.

In the adsorption step the probes of liquid extract were periodically taken, centrifuged using Galaxy Mini Centrifuge C1413-230EU (VWR, Paris, France) for 1 min at 6000 rpm, and analyzed for the total polyphenol content, TPC.

Adsorption capacity (mg/g dry resin) at equilibrium was calculated as

Q=(Co-Ce)Va/M (1)
where Co and Ce are initial and equilibrium (final) concentrations of biomolecules (e.g., polyphenols) (mg/mL) in extract solutions, M is the mass of the resin (g) and Va is the volume of the liquid medium (mL) in adsorption experiments.

In experiments with US-assisted adsorption, the preliminary pulsed sonication was applied at different US intensity, P (0-400W), at the same manner as described in Section 2.2.1. The total number of pulses was n=20, US treatment time, tus=60 min, and total time of US-assisted adsorption was ta =100 min. Then the adsorption in shaking bath was continued.

Desorption experiments were done using the resins previously saturated with biomolecules in the adsorption step. The adsorbent (2g) was put into the shaking glass beaker filled with aqueous ethanol solution (100 ml, Cet=0-95%). Desorption experiments were performed at 25 o C for 180 min. In the course of desorption the probes of liquid extract were periodically taken, centrifuged and analyzed for the soluble matter content, o Brix, and total polyphenol content, TPC.

The desorption ratio, D, was calculated as

D=CfVd/[(Co-Ce)Va] ( 2 
)
where Cf is the concentration of polyphenols (mg/mL) in the aqueous-ethanol solution, and Vd is the volume of the liquid medium (mL) in desorption experiments.

The adsorption/desorption efficiency (recovery), R, for phenolics, proteins and soluble matter content was calculated using the following equation:

R=Cf/Ci (3)
where Co and Cf are the initial (before adsorption) and final (after desorption) concentration of biomolecules, respectively.

Analysis

The total polyphenols content, TPC, was determined using the Folin-Ciocalteu method based on a colorimetric oxidation/reduction reaction of phenols [START_REF] Singleton | Analysis of total phenols and other oxidation substrates and antioxidants by means of folin-ciocalteu reagent[END_REF]. 0.2 mL of diluted sample and 1 mL of Folin-Ciocalteu reagent (Merck, Darmstadt, Germany) (diluted 1:20 with distilled water) were mixed. Then 0.8 mL of Na2CO3 (75 g/L) (Prolabo, Fontenaysous-Bois, France) was added. The sample was incubated for 10 min at 50 ºC and then cooled for 10 min at 4 o C in refrigerator. For the blank, 0.2 mL of distilled water was taken. The absorbance was measured at 750 nm using UV/Vis instrument (Thermo Spectronic Genesys 20, Thermo Electron Corporation, MA, USA). Gallic acid (Sigma-Aldrich, St-Quentin Fallavier, France) was used for the calibration curve. The results were expressed in mg/mL.

The concentration of proteins was determined by means of Bradford method [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF]. The details of analysis were presented in Technical Bulletin for Bradford Reagent (B 6916, Sigma-Aldrich). 7 standard solutions with various BSA (Bovine Serum Albumin) concentrations (0-25 μg/ml) were prepared for standard curve. 1 ml of distilled water, 0.8 ml of Bradford reagent and 0.2 ml of diluted sample (distilled water for blank) were introduced into the tube successively, the mixture was mixed with a Vortex, and the absorbance was measured at 595 nm, then the concentration of protein was calculated using the standard curve. The results were also expressed as mg/mL. The soluble matter content, °Brix (g of DM/100 g solution, %), was measured by a digital refractometer (Atago, USA) at 25 ºC.

The results of scanning electron microscopy (SEM), turbidity analyses, and Fourier transform infrared spectroscopy (FTIR) are presented in Supplementary Materials.

Statistical analysis

All experiments and measurements were repeated at least in triplicate. The mean values and the standard deviations were calculated. The error bars in figures correspond to the standard deviations. TableCurve 2D® (Systat Software Inc.) was used for data fitting.

Results and discussion

Figure 2 shows the adsorption capacity for polyphenols, Q, versus the time, t, at different initial concentrations of extracts, C0. The values Q increased with adsorption time, t, and saturated at long time of adsorption (t>500-1000 min). The adsorption kinetics can be well fitted (R 2 ≈0.999) with the stretched exponential function:

Q=a[1-exp(-(t/τt) β )] (4) 
where a, τt and β are the fitting parameters.

The stretched exponential law represents the generalisation of the simple first order kinetics in presence of the distribution of adsorption times. The stretching parameter β characterizes the broadness of the distribution. The larger deviation of β from 1 is, the broader the distribution of the adsorption times. The mean adsorption time τ is calculated as [START_REF] Gradshteyn | Table of integrals, series, and products[END_REF]:

τ=τ t βҐ(β -1 ) (5) 
where Γ is the Euler gamma function.

Figure 3 shows the estimated mean adsorption time τ (a), and stretching parameter β (b) versus the initial concentration of extract. The value of τ noticeably increased with the increase of C0 (Fig. 3a), whereas stretching parameter, β, was in range of 0.7-1.1 and it gone through the maximum at C0≈0.5 mg/mL.

The obtained data evidenced on the deceleration of adsorption processes with increase of C0 and presence of broad distribution of adsorption times at small values of C0 (<0.5 mg/mL). Such distribution can reflect the distribution of binding energies at different adsorption sites for polyphenols on adsorbent. At small concentration, the polyphenols can be rapidly adsorbed on the most active sites, and at higher concentration, the adsorption involves also less active sites.

Figure 4 shows the equilibrium isotherm for adsorption of polyphenols on adsorbent at T=25 o C. The adsorption capacity, Q (mg/g dry resin), increased with increase of the equilibrium concentration of total polyphenols in solution, Ce (mg/mL). Inset shows lnQ versus lnCe dependence and its linearity corresponds to the validity of the Freundlich isotherm model:

Q=KCe 1/n (6)
The data fitting to this model gives the values of parameters K=45.0±1.4 and 1/n=0.64±0.02 with correlation coefficient of R 2 = 0.990. The validity of the Freundlich isotherm model assumes the presence of adsorption on heterogeneous surfaces. The slope 1/n reflects surface heterogeneity, and it becomes closer to zero for more heterogeneous surface [START_REF] Tran | Mistakes and inconsistencies regarding adsorption of contaminants from aqueous solutions: a critical review[END_REF]. The surface heterogeneity is in correlation with observed distribution of adsorption times (Fig. 3).

Figure 5 compares adsorption kinetics of polyphenols on adsorbent at different US intensities (P=0-400 W). Note that US treatment was done within initial 100 min. It can be seen that application of US treatment accelerated the adsorption kinetics and increased the saturation level of the polyphenols adsorption capacity, Qs. Inset to Fig. 5 shows Qs versus P dependence. It can be seen that the most pronounced effects were observed when the US intensity increases from 25 to 100 W. The increase of P could increase the mixing intensity owing to turbulence created by the collapse of the cavitation bubbles. The positive impact of sonication on polyphenols adsorption can be explained by acceleration of the mass transport due to the effects of the cavitation bubbles [START_REF] Siddique | Synergistic effects of combining ultrasound with the Fenton process in the degradation of Reactive Blue 19[END_REF].

Figure 6 shows the evaluated mean time of adsorption,τ, (a) and stretching parameter, β, (b) versus the US intensity, P (0-400 W). The value of τ noticeably decreased with increasing of P, in absence of sonication it was ≈340 min and at P≥50 W it was ≤40 min.

The stretching parameter, β, decreased with increasing of P and became rather small at P≥50 W, β≤0.5. The obtained data evidenced the presence of broad distribution of adsorption times in presence of sonication. Such distribution can be attributed to increase the availability of different binding sites for polyphenols on the surface of adsorbent as the result of sonication.

Figure 7 demonstrates the effects of temperature on the adsorption kinetics of polyphenols on adsorbent in absence (P=0 W) and presence (P=50 W) of sonication. The whole tendencies for the adsorption kinetics at P=0 W and at P=50W were rather similar, i.e., increase in temperature always resulted in increase of adsorption capacity Q. Figure 8 presents Arrhenius plots of the logarithm of the saturation adsorption capacity ln Qs versus inverse absolute temperature, 1/T. The obtained data can be well fitted with high correlation coefficients (R2>0.998) using the following equation [START_REF] Inglezakis | Heat of adsorption, adsorption energy and activation energy in adsorption and ion exchange systems[END_REF]:

Qs=Ae ∆E /RT , ( 7 
)
where A is the pre-exponential, ∆E is the apparent activation energy and R (8.134 J/(mol•K))

is the universal gas constant. Note that the activation energy of adsorption, ∆E, is a measure of the binding interactions strength.

The obtained values of, ∆E, were 7.41±0.51 kJ/mol and 14.14±0.49 kJ/mol at P=0 W and P=50 W, respectively. The range of ∆E values corresponds to the physical adsorption [START_REF] Inglezakis | Heat of adsorption, adsorption energy and activation energy in adsorption and ion exchange systems[END_REF].

The effects of sonication on absorption kinetics, adsorption capacity and activation energy evidently reflected facilitation of adsorption processes in presence of sonication. Such effect can be explained by the acceleration of mass transfer process and changes in availability of active adsorption centres in the resin adsorbent in presence of sonication. Note that sonication could strength the affinity between polyphenols and resin adsorbents [START_REF] Chen | Adsorption properties of macroporous adsorbent resins for separation of anthocyanins from mulberry[END_REF].

The US cavitation can increase the degradation of chemical compounds of natural products and lipid oxidation [START_REF] Meullemiestre | Microwave, ultrasound, thermal treatments, and bead milling as intensification techniques for extraction of lipids from oleaginous Yarrowia lipolytica yeast for a biojetfuel application[END_REF][START_REF] Pingret | Degradation of edible oil during food processing by ultrasound: electron paramagnetic resonance, physicochemical, and sensory appreciation[END_REF][START_REF] Sicaire | Ultrasound induced green solvent extraction of oil from oleaginous seeds[END_REF]. The lipid degradation originates from hydrolysis or oxidation, which can occur by auto-oxidation, photo-oxidation, or enzymatic-oxidation [START_REF] Meullemiestre | Microwave, ultrasound, thermal treatments, and bead milling as intensification techniques for extraction of lipids from oleaginous Yarrowia lipolytica yeast for a biojetfuel application[END_REF].

To avoid such effects during the US-assisted extraction the flow of argon to exclude O2 can be performed [START_REF] Sicaire | Ultrasound induced green solvent extraction of oil from oleaginous seeds[END_REF]. However, at high power or long time of sonication, the effects of US treatment on the structure of resin cannot be excluded [START_REF] Li | Effects of ultrasound on adsorption equilibrium of phenol on polymeric adsorption resin[END_REF]. Analysis of scanning electron microscopy images of resin adsorbent (XAD-16) revealed noticeable effects of sonication on the surface of resins (See Supplementary material S1). The granules of adsorbent before sonication had practically ideal near spherical shape with diameter of particles of 0.25-0.84 mm and ratter smooth surface. The sonication resulted in visual degradation, the surface of granule became rougher and formation of large macrospores was observed. The observed phenomena can reflect local erosion, shear forces, sonoporation, fragmentation, capillary effect and detexturation [START_REF] Khadhraoui | Histo-cytochemistry and scanning electron microscopy for studying spatial and temporal extraction of metabolites induced by ultrasound. Towards chain detexturation mechanism[END_REF]. Ultrasound cavitation can also produce cavitation bubbles on a surface that results in micro-jetting and generation of surface peeling, erosion and particle breakdown [START_REF] Chemat | Ultrasound assisted extraction of food and natural products. Mechanisms, techniques, combinations, protocols and applications. A review[END_REF][START_REF] Awad | Applications of ultrasound in analysis, processing and quality control of food: A review[END_REF][START_REF] Chemat | Applications of ultrasound in food technology: processing, preservation and extraction[END_REF].

The intensive sonication at high power of P=400W can provoke disruption of the spherical particles into the small debrises. The turbidity data evidenced that these debrises can be removed by centrifugation of the samples after adsorption/desorption procedure ((See Supplementary material S2).

The more detailed studies of desorption in aqueous ethanol solutions were performed for resins used in adsorption performed in absence (P=0 W) and presence (P=50 W) of sonication. The moderate power of P=50 W was selected in order to exclude effects of disruption of the spherical adsorbent granules into the small debris. In all experiments the initial concentration of polyphenols in extracts was Co=1 mg/mL and the total time of US-assisted adsorption was ta =100 min. Figure 9 shows desorption ratio for polyphenols, D, % in absence and presence of sonication, respectively. The significantly smaller effects were observed for recovery of proteins (≈8.4% (0 W) and 10.8 % (50 W)) and soluble matter content (°Brix) (≈5.6 % (0 W) and 4.4 % (50 W)). Therefore, the applied adsorption/desorption procedure assisted by sonication allowed highest recovery of polyphenols and it can be used for their purification from other bio-molecules represented by proteins and soluble matter content. The analysis of FTIR spectra of samples (See Supplementary Materials S3) also evidenced that the applied adsorption/desorption procedure assisted by sonication can be useful for purification of total polyphenols of apple skin extracts.

(Eq.( 2 

Conclusions

The effects of sonication on adsorption/desorption purification of polyphenols of apple skins was tested using XAD-16 adsorbent. The adsorption steps were done at different temperatures (T=25-40 o C) and assisted by the applied sonication at different intensities (P=0-400 W). The desorption steps were tested in aqueous ethanol solution at different concentrations of ethanol (Cet=0-96%). The stretched exponential law was used to fit adsorption kinetics. The data evidenced the presence of broad distribution of adsorption times that can depend on content of polyphenols in the solutions and applied power of sonication.

The adsorption isotherm was fitted using the Freundlich isotherm model that also assumes the presence of adsorption on heterogeneous surface. The more detailed studies of the effects of sonication at relatively small power (P=50 W) were tested to avoid the degradation of the adsorbent. The sonication significantly facilitated absorption kinetics, increased adsorption capacity and activation energy of polyphenols adsorption. In the desorption experiments the optimum desorption efficiency of polyphenols was observed for 50% concentration of ethanol.

The desorption ratio D was positively affected by the sonication during the adsorption step.

The highest adsorption/desorption efficiency (recovery), R, was observed for polyphenols as compared with proteins and soluble matter content, and it reached of ≈30.6 (0 W) and 68.9 % (50 W) in absence and presence of sonication, respectively. The obtained data evidenced a good perspective of application of adsorption/desorption procedure assisted by sonication for purification of polyphenols from apple skin extracts.

[50] P. Gogoi, Adsorption of catechin from aqueous solutions on polymeric resins and activated carbon, Indian J. Chem. Technol. 17 (2010) 337-345. The initial concentration of extract was C0=1 mg/mL, and the total time of US-assisted adsorption was ta =100 min. 

  )) versus the time of desorption, t, at different concentrations of ethanol (Cet=0-95%) for P=0 W (a) and P=50 W (b). The most significant extraction of polyphenols was observed during the time of t<120-180 min. The value of D increased with Cet below 50%, but further increase in Cet resulted in decrease of D.The effects of ethanol concentration for the extraction time of 180 min are summarised in Fig.10. The D(Cet) curves gone through the maximums at Cet ≈ 50% where D values reached ≈44.2% and ≈71.9% in absence (P=0 W) and presence (P=50 W) of sonication, respectively. Therefore, the optimum desorption efficiency of polyphenols was observed using 50% ethanol aqueous solutions. This reflects the impact of ethanol on weakening of binding between molecules of polyphenols and active centres in resin adsorbent. The natural polyphenols generally contain aromatic nuclei and their interactions with aromatic centres of resin adsorbent [50] can regulated by changing of the concentration of ethanol. Moreover, the obtained data evidenced that desorption ratio D was also affected by the sonication during adsorption of polyphenols on resin adsorbent.
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 11 Fig.11. The recovery, R, of total polyphenols, TPC, proteins, and soluble matter, o Brix, in absence (P=0 W) and presence (P=50 W) of sonication. The temperature was T=25 o C.
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