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Abstract

:

This study aimed to assess the feasibility of employing cloud point extraction (CPE) as an efficient way of extracting polyphenols from peach waste (PW). Four distinct food-grade surfactants (Genapol X-080, PEG 8000, Tween 80, and lecithin) were evaluated at concentrations ranging from 2–10% w/v to determine the efficiency of the technique in two separate PW streams [i.e., lye peeling waste stream (LPWS) and total wastewater stream (TWS)]. Low amounts (2% w/v) of surfactants in a single-step CPE were found to result in less than ~61% polyphenol recovery in LPWS and less than ~69% polyphenol recovery in the TWS, necessitating additional extraction steps. In both PW streams, the single-step polyphenol recovery was improved by 25–67% utilizing a higher amount of surfactants (5–10% w/w), leading to a statistically significant figure (p < 0.05). The CPE procedure was conducted under optimal conditions, including a temperature of 65 °C, a sodium chloride concentration of 3% w/v, a pH level of 3.5, and a surfactant concentration of 5% w/v. The polyphenol recovery was efficient when the CPE procedure was conducted twice. Tween 80 proved to be the most efficient surfactant among the four tested surfactants, achieving recoveries above 98% in both PW streams. Under optimum extraction conditions, the total polyphenol content and antiradical activity of PW extracts were evaluated. The results showed statistically significant differences (p < 0.05) between the two PW streams, with the LPWS having approximately 12 times higher polyphenol content and being more potent, achieving ~64% antiradical activity. Using the LPWS instead of the TWS is a more cost-effective and feasible option for the industry. In addition, the considerable volume of the TWS makes it challenging to handle and demands a correspondingly major amount of surfactant. Considering that Tween 80 is a low-toxicity surfactant and that the CPE method is simple, fast, cost-effective, highly accurate, and selective, the extracted polyphenols from two PW streams could be exploited as natural antioxidants to be used directly in the food industry. These findings could have major implications for the manufacturing of sustainable and naturally-derived food additives.
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1. Introduction


The food industry is responsible for a significant portion of the overall amount of wasted food. Such waste is composed of, primarily, organic residues from the processing of raw materials. The generation of waste is an inevitable outcome of the production process. However, managing product-specific waste poses significant challenges due to factors such as insufficient biological stability, potential pathogenicity, high content, susceptibility to rapid autoxidation, and elevated enzymatic activity [1]. Inefficient management of waste results in discharges that are major contributors to environmental pollution [2]. The food industry generates waste with high chemical oxygen demand due to its high organic matter and nutritional content, which poses a serious environmental concern [3]. One sector that generates substantial waste is the fruit and vegetable processing industry. This kind of food waste contains several valuable bioactive substances, including proteins, polysaccharides, pigments, polyphenols (and flavonoids), and dietary fiber, distinguishing it from other industrial waste [4]. The bioactive compounds present in food waste could be valorized so as to be used as food additives. Additionally, they can be transformed into more complex chemicals, macromolecules, or biofuels for multiple uses [5]. The failure to utilize food waste results in ecological risks, nutrient loss, and economic disadvantages. De Leonardis et al. [6] have highlighted the potential of these compounds for the development of innovative food products.



Various technologies, including membrane-based technologies, ozonation, adsorption, and solvent extraction, have demonstrated their effectiveness in decreasing the chemical oxygen demand, soluble solids, and other impurities in food waste [7,8]. However, most of these techniques are unsuitable for fruit waste owing to their elevated chemical oxygen demand, biomacromolecule content, and viscosity. Microbial digestion, including both aerobic and anaerobic approaches, is frequently employed in wastewater treatment processes. While these procedures are generally effective, they are capable of raising the detrimental microbes and lead to high levels of biological oxygen demand [9]. Recent advances in liquid–liquid extraction techniques, particularly those incorporating multi-phase separation, have attracted increased attention for their efficiency in extracting and concentrating bioactive compounds from natural sources. Novel methodologies such as aqueous two-phase extraction, dispersive liquid–liquid extraction, micellar extraction, and cloud-point extraction (CPE) have been developed [10,11]. However, liquid–liquid extraction techniques have limitations, including emulsion formation, use of harmful organic solvents, and generation of pollutants, despite their potential benefits. These factors make the process laborious, costly, and ecologically unsustainable [12]. Consequently, there is an immense incentive to develop methods and technologies for nutrient recovery and reuse of food waste [13]. The utilization of CPE is a sustainable approach for the extraction of bioactive compounds derived from plant sources [14]. This kind of extraction has the potential to be applied in various industries, such as pharmaceuticals and food industries. The CPE method is a cost-effective and straightforward approach to extract bioactive compounds from liquid matrices with the use of surfactants [15]. Briefly, the procedure involves the addition of a surfactant to a liquid sample along with a salt, the maintenance of cloud point temperature, centrifugation, and finally separation from the liquid sample. This is a one-step extraction that can be repeated for more efficient bioactive compound recovery [16]. Food-grade surfactants can be used to extract the target compounds and consequently, incorporate these compounds directly into food products [17]. Micelles are formed at a critical concentration in aqueous solutions, which are in dynamic equilibrium with the bulk aqueous solution monomers [18]. Separation can be accomplished by binding hydrophobic and hydrophilic molecules to these structures through dipole–dipole interactions and hydrogen bonding [19]. Several surfactants, namely, Triton X-100, Triton X-114, and Span 80 have been successfully utilized to isolate bioactive compounds [16].



Polyphenols are prevalent in most fruits and vegetables and can also be found in fruit and vegetable by-products. These compounds exhibit antioxidant and cytoprotective properties, highlighting their potential health advantages in human nutrition [20]. Plants employ polyphenols to maintain antioxidant or antimicrobial functions as a way of protection. They shield plants from UV light, parasites, and insects and are responsible for the plants’ pigment and astringency. A wide variety of plant sources, including fruits and vegetables, contain such compounds [21]. Peach, also known as Prunus persica, is a type of climacteric stone fruit that has its origins in China. Through the years, it has become widely distributed in various parts of the world, including the USA, Spain, Italy, and Greece [22]. The high levels of polyphenols, vitamin C, carotenoids, and fiber it contains are the reason that this product has excellent nutritional value. Antioxidant, anti-inflammatory, and anticarcinogenic effects are just a few of the many positive health effects associated with these compounds [23]. The peach industries release an immense quantity of waste, including peels and wastewater (which usually derives from solid peach waste), which are frequently disposed of in landfills or surface waters. Peach peels contain two– three times more polyphenols and carotenoids than fruit flesh, according to a study by Chang et al. [24]. Food-related waste streams are indeed a substantial source of secondary metabolites with bioactive properties, especially polyphenols [25]. Peels are common b-products of food processing that contain a significant amount of polyphenols [26].



To the best of our knowledge, investigations on polyphenol extraction from peach cannery waste utilizing CPE are sparse. While there is a growing body of research on the extraction of bioactive compounds from various food waste sources, there is a lack of specific studies focusing on polyphenol extraction from peach cannery waste. This is particularly noteworthy considering the significant volume of waste generated by the peach processing industry. The purpose of this research was to investigate the potential of CPE, employing non-hazardous, food-grade surfactants (i.e., Genapol X-080, PEG 8000, Tween 80, and lecithin) for polyphenol extraction from peach cannery waste streams. Two different peach waste (PW) streams were studied, i.e., waste coming from the lye peeling wastewater stream (LPWS) and total wastewater (TWS) from all activities of processing were used. The objective of this study was to develop a comprehensive method for effectively controlling and maximizing the value of the produced waste by the peach processing industries. The surfactants with their concentrations, along with multiple steps of CPE, were assessed. The study also included the assessment of the overall polyphenol content and antiradical activity of the polyphenols isolated from the two PW streams.




2. Materials and Methods


2.1. Chemicals, Reagents, and Materials


Genapol X-080, methanol, and DPPH• (1,1-diphenyl-2-picrylhydrazyl) were purchased from Sigma–Aldrich (Steinheim, Germany). Folin–Ciocalteu reagent, gallic acid, and anhydrous sodium carbonate were bought from Penta (Prague, Czech Republic). PEG 8000 was from Alfa Aesar (Karlsruhe, Germany). Citric acid anhydrous was obtained from Merck (Darmstadt, Germany). Tween 80 was bought from Panreac (Barcelona, Spain). Soya lecithin (>97%) and sodium chloride were both obtained from Carlo Erba (Milano, Italy). A deionizing column was employed to generate the deionized water used in the experiments.



Two streams, i.e., LPWS and TWS were obtained from ELBAK S.A. (Falani, Larissa, Greece) during the processing of clingstone peaches (Prunus persica) of the Everts variety.




2.2. Peach Waste Streams


Figure 1 shows a typical clingstone peach processing flowchart. Canning uses styles such as halves (mainly) and also slices and cubes. All sound fruit rejections (e.g., broken fruit pieces, soft fruit), but also other sound fruit (e.g., too large, too small, or just to add to the total capacity of the puree line) are driven to the aseptic puree line with an option of concentration using a typical double-stage evaporator. The initial stage of the manufacturing process involves the cleansing of the peaches. Following the washing process, the peaches are subsequently transported along a belt conveyor for the purpose of sorting, whereby the peaches of superior quality are directed towards the pitters (machines for stone removal). The pitters also cut the fruit into two halves and the peeling takes place. It is there that the LPWS can be derived. Most halves are used for canning, but fruit pieces sorted out are driven to the puree line. For this line, crushing follows and then blanching. To prevent enzymatic browning, a common concern in fruits, the process of blanching involves subjecting crushed fruits to rapid heating at temperatures ranging from 90 to 95 °C. This elevated temperature is maintained for a duration of approximately 2 to 3 min. The reason for this phenomenon is that heat causes the deactivation of the enzymes that are accountable for the darkening process, while also inducing a softening effect on the fruit, thereby facilitating subsequent processing procedures [27]. This heating process is typically conducted in a tubular heat exchanger. After the heating process, the crushed fruit is delivered to the refiner, i.e., driven through rotated sieves where puree is produced, and to the deaerator. Dry matter content of 25–30% (typically 28% or 36% minimum) is attained via transporting dense and viscous peach puree concentrate (PPC) to the evaporation system. The aseptic packaging unit collects PPC from the evaporator and places it in barrels for later use. Before the filling heads in a commercial aseptic line, a second tubular heat exchanger is used for cooling and sterilization. Two hours was settled on as the acceptable time for PPC creation. The figure shows that the LPWS occurs following the peach peeling stage, as mentioned before. It is also highlighted that during different stages of peach processing, a wastewater stream is generated. These streams are mixed with other liquids to form the TWS stream. It could be deduced that the TWS includes a quantity of the LPWS stream diluted with liquids from various treatment stages. It is also reasonable to assume that the total volume of the TWS stream is significantly larger than that of the LPWS.




2.3. CPE Procedure


The PW was removed from the refrigerator and thermostated at room temperature (~25 °C) for an hour. A Remi Neya 16R (Remi Elektrotechnik Ltd., Palghar, India) was utilized to centrifuge PW for 20 min at 4500 rpm and at 30 °C, to remove the solids. Solid-free PW samples were acidified to a pH of 3.5 using 0.66 Μ citric acid before being treated with CPE [28]. Preliminary tests were used to select the experimental conditions (i.e., pH, sodium chloride concentration, temperature, etc.). To accelerate the phase-separating process, sodium chloride was added to the sample to increase the bulk density of the aqueous phase. The temperature at which clouds form is also lowered by sodium chloride [29].



The CPE technique was implemented as described by Chatzilazarou et al. [30]. A quantity of 50 g of PW was mixed with 3% w/v sodium chloride and 2–10% w/v of each surfactant. The mixture was heated to a constant temperature and stirred using a magnetic stirrer (Heidolph MR Hei-Standard, Schwabach, Germany). For 20 min, the samples were equilibrated at 65 °C while being stirred at 800 rpm. After centrifuging the mixture for 5 min at 3500 rpm at 30 °C, the phases were decanted (first extraction step), while the surfactant phase was viscous. After centrifugation, the volumes of surfactant and water were measured. Then, the water phase was decanted and the above procedure was repeated either once (as the second extraction step) or twice (as the third extraction step), in order to maximize the polyphenol recovery. Each CPE experiment was repeated three times under identical conditions; hence, all recovery values reflect the means of three extraction experiments.




2.4. Polyphenol Recovery by CPE


The calculation of polyphenol recovery was performed using a polyphenol mass balance. The estimation of surfactant recovery was conducted in accordance with prior methodologies [30,31,32]:


   Recovery   ( % ) =    C s · V s   C o · V o      ×   100 =  C o · V  o    −   C w · V w   C o · V o    ×   100   



(1)




where Cs is the polyphenol concentration in the volume Vs of the surfactant phase, Co is the polyphenol concentration in the volume Vo (10 mL) of the initial sample, and Cw is the polyphenol concentration in the volume Vw of the water phase. The concentration of each phase was calculated with a Folin–Ciocalteu method (vide infra) as mg GAE/L of PW.




2.5. Determination of Total Polyphenol Content


Total polyphenol content (TPC) was measured photometrically using a modified Folin–Ciocalteu method by Chatzilazarou et al. [30]. Briefly, 100 µL of the sample was mixed with 100 µL of the Folin–Ciocalteu reagent, and after 2 min, 800 µL of sodium carbonate solution (5% w/v) was added. The absorbance of the solution was then measured at 750 nm using a Shimadzu spectrophotometer (UV-1700, Shimadzu Europa GmbH, Duisburg, Germany) after 20 min incubation at 40 °C in the absence of light. The results were expressed as mg GAE/L of PW.




2.6. Determination of Antiradical Activity


The antiradical activity (AAR) of recovered polyphenols in the surfactant phase after CPE treatment was determined using the DPPH• method as established by Tsaknis and Lalas [33], with some modifications regarding the formula used. In brief, 4 mL of the sample were mixed with 1 mL of 0.1 mM DPPH• solution in methanol. The mixture was homogenized and incubated in the absence of light for 30 min at ambient temperature. Absorbance was photometrically measured at 517 nm. A control sample including DPPH• solution and methanol instead of sample was also used and the absorbance was measured immediately. The % scavenging was calculated using the given equation:


   %   Scavenging =    A   control   −     A   sample       A   control      ×   100   



(2)




where Acontrol and Asample denote the respective absorbances.




2.7. Statistical Analysis


Each analysis was done three times. Results were presented as means of three replicates ± standard deviation. Statistically significant differences were tested using the Kruskal–Wallis test, after testing the data using the Kolmogorov–Smirnov test. Statistically significant differences were considered at p < 0.05.





3. Results and Discussion


The study evaluated the efficiency of four different food-grade surfactants, namely, Genapol X-080, PEG 8000, Tween 80, and lecithin, in terms of their ability to facilitate polyphenol extraction. Based on the results of preliminary experiments, we chose the parameters to improve the extraction of polyphenols. The CPE procedure was carried out at 65 °C, with a 3% w/v concentration of sodium chloride, and a pH of 3.5 to assure consistency. According to prior research conducted by Kiai et al. [34], it was found that the optimum temperature range for CPE is between 50–70 °C, particularly when utilizing surfactants such as Genapol X-080, Tween 80, and Triton-X. The optimal pH level was determined to be 3.5 due to the protonation of polyphenols at low pH values. This results in strong interaction with micellar aggregates of non-ionic surfactants, thereby increasing their solubility in the micelle [35]. At higher pH levels, polyphenols undergo deprotonation, resulting in decreased solubility within hydrophobic micelles [36]. The investigation examined the recovery of polyphenols through testing three different concentrations 2, 5, and 10% w/v of surfactants, and employing three successive extraction procedures. It is important to note that the concentration of the surfactant has a key role in the efficiency of the extraction of bioactive compounds. The preconcentration factor decreases as the surfactant final volume increases, lowering the analytical signal. On the other hand, lowering surfactant concentration would likely reduce accuracy and reproducibility since the surfactant-rich phase would not be enough to conduct reproducible extraction and separation measurements [37]. As such, the optimum surfactant concentration should be thoroughly considered. As per Santana et al. [28], higher concentrations of surfactants are required to achieve higher polyphenol extraction yields. In both PW streams, the initial extraction step exhibited statistically significant variations (p < 0.05), confirming the expected trend that higher surfactant concentrations lead to higher extraction of polyphenols via CPE (vide infra).



3.1. Polyphenol Extraction with Genapol X-080


The non-ionic surfactant Genapol X-080 is an alkylpolyethylene glycol ether. Genapol X-080 has a hydrophilic polyethylene glycol (PEG) chain attached to a lipophilic alkyl chain. It is widely employed as an emulsifier, solubilizer, and wetting agent in a variety of industries, including food, cosmetics, and pharmaceuticals [38,39]. Figure 2 displays the results obtained using Genapol X-080 in the two PW streams, which show a clear relationship between the amount of surfactant used and polyphenol recovery. In LPWS, the first step of CPE with 2%, 5%, and 10% w/v of Genapol X-080 had extraction yields of 54.6%, 72.1%, and 85.5%, respectively. In the TWS, the corresponding polyphenol recovery values were higher and were measured to be 64.2%, 80.2%, and 90.3%. In both PW streams, it was found that it was cost-effective to use 2% w/v of Genapol X-080 three times since it achieved almost as much recovery as one-step extraction with 10% w/v of the surfactant. No statistically significant variations (p > 0.05) were found among these measurements. However, the most efficient extraction yields were observed using 5% w/v of the surfactant twice, achieving 91.2% and 93.9% in the LPWS and TWS, respectively. Our results are consistent with Chatzilazarou et al. [30], who investigated the polyphenol extraction from wine sludge using 2% Genapol X-080. The authors stated that the optimal extraction conditions were pH 3.5, temperature 55 °C, and 30 min of extraction time and they recorded 75.8% polyphenol recovery. In another study, Kiai et al. [34] used cloud point extraction with Genapol X-080 as the surfactant to preconcentrate polyphenols from table olive processing wastewaters. Optimal conditions were determined as follows: 10% w/v surfactant concentration, pH level of 2, temperature of 70 °C, and an equilibrium time of 30 min. Under optimized conditions, the polyphenol recovery yield from table olive processing wastewaters using one-step CPE was 68%. Overall, the use of Genapol X-080 as a surfactant in CPE for polyphenol extraction from PW streams has demonstrated promising results, with optimal concentrations and extraction steps leading to efficient recovery of polyphenols.




3.2. Polyphenol Extraction with PEG 8000


Water-soluble polyether PEG 8000 is a commonly used waxy solid that functions as a lubricant, thickening agent, solvent, and surfactant in various applications, including the food, pharmaceutical, and cosmetic industries. It is considered safe for human consumption due to its low toxicity [40]. Figure 3 presents the results of polyphenols extracted through CPE from LPWS and TWS samples, utilizing three different concentrations of PEG 8000. The figure demonstrates the strong dependence of polyphenol extraction on the surfactant concentration. Increased amounts of PEG 8000 led to increased recoveries of polyphenols. Nevertheless, the utilization of reduced concentrations of PEG 8000 (i.e., 2% w/v) resulted in a recovery below 60%, thereby emphasizing the significance of supplementary CPE steps. In LPWS, the extraction yields of the initial step for 2%, 5%, and 10% w/v PEG 8000 were 52.9%, 68.8%, and 81.5%, respectively. In the second extraction step, the extraction yields were 70.6%, 86.6%, and 91.9%. The corresponding extraction yields were slightly elevated in the TWS. In the first extraction step, the polyphenol extraction was elevated by 9.1–18.2%, and in the second extraction step, the recovery was increased by 8–18%. The most efficient concentration of PEG 8000 was found to be 5% w/v in a two-step extraction, yielding 86.6% polyphenol recovery in the LPWS and 93.4% polyphenol recovery in the TWS. In a previous study [30] focusing on the recovery of polyphenols from wine sludge with CPE, PEG 8000 was also used as a surfactant. The optimum conditions were found to be a two-step extraction utilizing 10% w/v of PEG 8000 in total and establishing pH level at 2.5, temperature 55 °C, and extraction time of 30 min. The achieved polyphenol recovery was measured to be 98.5%. Overall, the use of PEG 8000 as a surfactant in CPE for polyphenol extraction from PW streams has shown promising results. The concentration of PEG 8000 plays a crucial role in achieving efficient recovery, with the optimal concentration and extraction steps leading to high polyphenol yields.



In our previous study [41] regarding the polyphenol recovery from apricot wastewater, PEG 8000 was used in a concentration of 2% w/v in a two-step CPE procedure and resulted in efficient recovery (~99%), which was ~55 mg GAE/L. In the case of peach wastewater (TWS), the use of 2% PEG 8000 in a two-step CPE process had an overall yield of ~83%, which resulted in ~42 mg GAE/L. The difference in the percentage polyphenol recovery is most likely due to the difference in chemical composition of the two fruits, but further investigation would be of high interest.




3.3. Polyphenol Extraction with Tween 80


Polysorbate 80, also known as Tween 80, is a non-ionic surfactant within the polysorbate group. It is a water-soluble liquid that is often employed as a solubilizer, emulsifier, and stabilizer in a variety of industries such as the food and pharmaceutical industries. It derives from natural substances including ethylene oxide, sorbitol, and oleic acid. Tween 80 is recognized for its ability to enhance the solubility and bioavailability of poorly soluble pharmaceuticals, in addition to its emulsification properties in food products [42]. Given its versatility, it has plenty of applications and is recognized as safe by regulatory agencies, such as the Food and Agriculture Organization [43]. The outcomes of polyphenol extraction via CPE from LPWS and TWS samples, using three concentrations of Tween 80, are shown in Figure 4. Statistically significant differences (p < 0.05) were observed in the first and second extraction steps in relation to the surfactant concentration. In the LPWS, the initial CPE step using 2%, 5%, and 10% w/v of Tween 80 recorded 60.3%, 77.3%, and 90.2% recovery, respectively. The second extraction step was crucial for the recovery of a sufficient amount of polyphenols. The recorded polyphenol recovery was 81.7%, 98.8%, and 99.5%. It was shown again that the most effective surfactant concentration was 5% w/v in a two-step extraction since it achieved ~99% recovery of polyphenols, the same as using 10% surfactant in a two-step extraction. This is of high importance in the case of large amounts of PW, as it would also save large amounts of surfactant. In the TWS, even by using a single extraction step, the results were satisfactory, with recoveries ranging from 68.2–95.4%. In the second extraction step, the recovery rates were 93.4–100%. These results indicate that this surfactant had better polyphenol recoveries than the other surfactants. Two-step extraction using 5% w/v Tween 80 appears to be an economical yet effective way of extracting polyphenols from any PW stream. Our results are comparable to that of Katsoyannos et al. [44] who studied the potential use of low-biological-hazard surfactant Tween 80 in the extraction of natural antioxidant compounds (polyphenols and carotenoids) found in olive mill wastewater and red-fresh orange juice using CPE. The optimum conditions for extraction were 55 °C, 20% w/v sodium chloride, and pH 3. In the initial extraction step with Tween 80, olive mill wastewater and red-fresh orange juice recorded 86.8 and 55.4% recovery, respectively. At the second extraction step, the respective extraction yields measured 94.4 and 79.8%. Stamatopoulos et al. [45] studied the polyphenol recovery in olive leaf extracts. The optimal conditions for this process were determined to be a pH level of 2.6, an ambient temperature of 25 °C, 2% of Tween 80 (w/v) in a two-step extraction (4% w/v in total), 35% sodium sulfate (w/v), and a settling time of 5 min. The recorded extraction yield was measured at 95.9%. Overall, Tween 80 has proven to be an effective surfactant for polyphenol extraction through CPE from various PW streams. The concentration of Tween 80 significantly influences the recovery and as such, the necessary extraction steps.




3.4. Polyphenol Extraction with Lecithin


Lecithins are amphiphilic molecules that occur naturally and consist of phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, and phosphatidic acid [46]. These emulsifiers are commonly utilized in the food industry and according to European Regulations regarding food additives [47], they are not subject to any maximum level limitations (quantum satis). Lecithins are a desirable substitute for synthetic ingredients due to regulatory requirements and the health advantages of phospholipids [46]. Despite the lower extraction yield per step compared to other surfactants, lecithin is a cost-effective, naturally occurring, edible, and non-hazardous surfactant alternative [48]. Figure 5 displays the outcomes of polyphenol extraction from PW samples utilizing three distinct lecithin concentrations. Statistically significant differences (p < 0.05) were mainly observed between the three lecithin concentrations in the first extraction step. In LPWS, the first CPE step utilizing 2, 5, and 10% w/v of Tween 80 recorded 45.8, 61.2, and 76.4% polyphenol recovery. In comparison to other surfactants, it appears that with one-step extraction, the recovery of polyphenols was poor, only about 46% for 2% w/v surfactant concentration. This highlights the need for multiple stages for more efficient extraction of polyphenols. In fact, from the very second extraction, the recovery rates increased significantly, especially in the case where 10% w/v lecithin was used. In the second extraction step, the corresponding recoveries were measured at 66, 83.5, and 99.4%. In TWS, the polyphenol recoveries measured in the first extraction step were slightly increased by 2.5–21.2%. With an additional extraction step, almost all polyphenols were recovered, since a recovery rate of 92.4–100% was achieved. The results are comparable to that of Alibade et al. [49] who studied the optimization of polyphenol recovery conditions from wine waste with the natural surfactant lecithin. The optimal conditions were found to be a surfactant concentration of 5% w/v, multiple CPE steps, a pH value of 3, and a temperature of 40 °C. In the three extraction steps with this lecithin concentration, the polyphenol recoveries were measured at 65, 79.4, and 87.4%, which are close to our values (61.2%, 83.5%, and 92.5%). Karadag et al. [50] investigated the polyphenolic enrichment of lecithin from olive mill wastewater through cloud point extraction. The optimal conditions for the process were found to be a temperature of 65 °C, pH level of 4.5, sodium chloride concentration of 10% (w/v), and lecithin concentration of 15% (w/v). The achieved polyphenol recovery in a single extraction step was measured at around 50%. In conclusion, lecithin, as a natural surfactant, demonstrates the promising potential for polyphenol extraction from various PW streams. While its extraction yield per step may be lower compared to other surfactants, lecithin’s cost-effectiveness, natural origin, and non-hazardous nature make it an attractive alternative for polyphenol extraction. Further optimization of extraction conditions can enhance its efficiency and overall effectiveness.




3.5. Total Polyphenol Content and Antiradical Activity of the Recovered Polyphenols


Extracting bioactive compounds from a sample is advantageous as it preserves their distinctive characteristics. It was necessary to determine whether the antioxidant properties of the extracted polyphenols were retained or altered by the CPE process. The selection of a method for quantifying total polyphenols, instead of total flavonoids, was chosen due to the fact that peach primarily consists not only of flavonoids (flavan-3-ols and anthocyanins), but also other phenolic acids (mostly chlorogenic acid) [51]. The Folin–Ciocalteu method is often subject to certain limitations, particularly in relation to potential interference from sugars and proteins. This issue is particularly relevant in the case of sugar-rich food products, such as honey [52]. Interference has been observed in different food products, including fruit juice [53] and vegetables [54]. Nevertheless, the impact of sugar and vitamin C levels on the majority of food items is typically insignificant [55]. So, the total polyphenol content (TPC) was quantified using the Folin–Ciocalteu method, with the results expressed as milligrams of gallic acid equivalents per liter (mg GAE/L). Meanwhile, the assessment of antiradical activity was performed using the DPPH• test. According to the results, it was found that Tween 80 was the most efficient and cost-effective surfactant when used in a two-step CPE at 5% w/v. Consequently, it would be a more viable way for the peach industry where the surfactant would be used in bulk quantities. This is the reason why this specific surfactant was used instead of the natural surfactant lecithin, despite the abovementioned important advantages that lecithin provides. The outcomes of the two-step CPE are shown in Table 1. Statistically significant variations (p < 0.05) were observed only in the measurements related to the PW streams, but not in the measurements before and after the CPE procedures. Overall, both the initial sample and LPWS exhibited the highest TPC and AAR.



Peels are also known to contain higher quantities of polyphenols, carotenoids, and total ascorbic acid than the flesh of peaches, plums, and nectarines [56]. The phytochemical composition found in the peel is typically two–three times greater than that found in the flesh, possibly due to the protective role polyphenols play against ultraviolet radiation, pathogens, and fruit predators [57]. Since peels are located on the exterior of the fruit, they are more prone to polyphenol formation [58].



High recovery yields were achieved using the CPE approach. The initial TPC in LPWS was measured at 603.2 mg GAE/L and the extraction yielded a 98.7% recovery. In TWS, the initial TPC was measured at 50.3 mg GAE/L and the extraction yielded 98.2% recovery. It is important to highlight an observed pattern in both PW streams. Cloud point extraction was more efficient in the TWS than in the LPWS. This difference may be attributed to the statistically significant (p < 0.05) higher polyphenol content in the LPWS, making the recovery process more demanding.



Our results could be compared with Redondo et al. [59] who studied the differences in antioxidant capacity and phenolic content between thin and ripe peaches (cv. UFO-3). They measured approximately 500–900 mg GAE/kg of fresh weight, with riper fruits having a higher polyphenol value. The TWS sample initially recorded an average of 50.3 mg GAE/L. Concerning antiradical activity measurements, LPWS recorded 65.4% AAR, and the sample after the CPE procedure recorded a 2.29% decrease. In TWS, the sample initially recorded 6.1% AAR and 5.7% after CPE. The results suggest that the recovery of polyphenols from industrial PW is valuable, particularly the LPWS since they exhibit increased rates of DPPH• scavenging activity. Our findings align with the study conducted by Manzoor et al. [60] who examined the variability in minerals, polyphenols, and antioxidant activity between the peel and pulp of various peach varieties (Shireen, Golden, and Shahpasand). The AAR of 80% methanolic extracts of peels ranged from 66.8–76.5%. It is important to point out that from an industrial point of view, the utilization of the LPWS would be a more cost-effective and practical solution than the TWS. The first stream showed a statistically significant difference (p < 0.05) in TPC and AAR, up to 10 times greater in each case. In addition, the substantially large volume of TWS makes it difficult to handle and requires a correspondingly larger amount of surfactant.



To highlight the financial and operational importance of the CPE method in the peach industry, it would be interesting to compare it with other methods for the recovery of polyphenols from peach by-products. In our case, ~595 mg of polyphenols were recovered from 1 L of LTWS, with an overall percentage recovery of ~98%. Theoretically, the process would require 5% w/v of Tween 80 in a two-step CPE process (10% w/v in total), thus 100 g surfactant per liter of waste. A study conducted by Stramarkou et al. [61] examined an enhanced solid-liquid extraction with different combinations of extraction time, ultrasonic power, and solvent-to-dry solid ratio in order to determine the optimal extraction conditions. Based on the results of the study, it was determined that a natural deep eutectic solvent (choline chloride with lactic acid diluted with water 7:3) exhibited the highest efficacy as a solvent for the extraction of peach pulp waste. This was evidenced by an extraction yield of 17.13% and ~16 mg GAE/g of dry solid. In a theoretical conversion of this value to mg/L, it would equal to ~16,000 mg GAE/L. This major difference in comparison to our sample is anticipated since in the above study the sample was dried, so the amount of polyphenols was concentrated in a dried mass. The extraction yield might be low, but the polyphenols obtained are considerably higher than in our study. However, this process could require laborious methods such as drying and the use of ultrasonic and microwave-assisted extraction, which on an industrial scale is more difficult to achieve. Furthermore, in the above study the liquid-to-solid ratio was 10 mL/g. In a peach industry producing tons of waste, it would require a huge amount of extraction solvent, which would result in high cost. Furthermore, other methodologies such as aqueous two-phase extraction are predominantly restricted to laboratory scale and have not yet been widely implemented on an industrial scale [12,62].





4. Conclusions


In this study, CPE was tested to recover polyphenols from PW. Four food-grade surfactants (Genapol X-080, PEG 8000, Tween 80, and lecithin) were tested at varied concentrations ranging from 2–10% w/v. To assess the effectiveness of this method, two PW streams (i.e., LPWS and TWS) were investigated. The recovery of polyphenols was found to be proportional to the surfactant concentration and extraction steps in both PW streams. Among the surfactants tested, Tween 80 exhibited the highest efficiency, achieving satisfactory recovery yields in both PW streams. LPWS was found to have significantly higher TPC and AAR. Therefore, LPWS holds greater potential for valorization due to its higher polyphenol content and smaller waste volume, making it more manageable. The utilization of CPE with Tween 80 as a low-toxicity surfactant emerges as a rapid, straightforward, and inexpensive method for the recovery of polyphenols from PW. These recovered polyphenols could be directly utilized as natural antioxidants in food products. These findings have the potential to impact the production of natural and sustainable food additives, promoting the use of valuable by-products from the peach industry.
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Figure 1. A typical clingstone peach processing flowchart. 
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Figure 2. Recovery of polyphenols in LPWS (A) and TWS (B) using Genapol X-080 at varied concentrations and extraction steps; error bars represent the standard deviation; samples that statistically differ (p < 0.05) are denoted with different letters (i.e., a–g). 
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Figure 3. Recovery of polyphenols in LPWS (A) and TWS (B) using PEG 8000 at varied concentrations and extraction steps; error bars represent the standard deviation; samples that statistically differ (p < 0.05) are denoted with different letters (i.e., a–g). 
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Figure 4. Recovery of polyphenols in LPWS (A) and TWS (B) using Tween 80 at varied concentrations and extraction steps; error bars represent the standard deviation; samples that statistically differ (p < 0.05) are denoted with different letters (i.e., a–f). 
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Figure 5. Recovery of polyphenols in LPWS (A) and TWS (B) using lecithin at varied concentrations and extraction steps; error bars represent the standard deviation; samples that statistically differ (p < 0.05) are denoted with different letters (i.e., a–g). 
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Table 1. Total polyphenol content (TPC) and antiradical activity (AAR) expressed as % DPPH• scavenging in LPWS and TWS, before and after the CPE procedure (with Tween 80).
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Sample Waste

	
Phase

	
TPC (mg GAE/L)

	
% DPPH• Scavenging






	
LPWS

	
Initial

	
603.2 ± 21.1 a

	
65.4 ± 4.7 a




	
CPE extract

	
595.7 ± 20.5 a

	
63.9 ± 1.9 a




	
TWS

	
Initial

	
50.3 ± 1.3 b

	
6.1 ± 0.2 b




	
CPE extract

	
49.4 ± 1 b

	
5.7 ± 0.3 b








The data present mean values ± standard deviation of three replicates. Statistically significant differences (p < 0.05) between the samples are indicated by different superscript letters (e.g., a, b).
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