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Abstract

:

In new food formulations, carotenoids and phenolic compounds are likely to be the most sought after food ingredients according to their bioactivity, nutraceutical, nutritional value, and compatibility properties once incorporated into food formulations. Such solutes are naturally present in many plant-based sources, and some portions are directly consumed when enriching food products and formulations; however, some portions, which are contained in the parts of the plant sources not considered edible, including the leaves, peel, and seeds, among other by-products, are commonly wasted. Related to this, scientists have found a new window for obtaining these bioactive molecules, but their recovery remains a challenge. To some extent, the final purification and polishing requires highly selective performance to guarantee the desired properties and concentration. In this regard, membrane technologies, such as nanofiltration (NF), represent an alternative, owing to their highly selective properties when separating low-molecular-weight compounds. NF becomes immediately suitable when the pretreated extracts are subjected to further efficient concentration, fractionation, and polishing of phenolic fractions and carotenoids. The separation efficiency (usually higher than 97%) of NF technology is high according to the low pore size of NF membranes, but the low temperature in process separation also contributes to the separation of thermolabile compounds. Therefore, this paper reviews the ongoing cases of studies reporting the successful separation and polishing of phenolic fractions and carotenoids from distinct sources. In particular, we have focused our attention on the main interactions during the separation process and the drawbacks and advantages of using membranes for such a case study.
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1. Introduction


Membrane technologies represent an economically feasible method for the recovery and polishing of bioactive molecules sought by pharmaceutical and food industries. Membrane technologies have become of interest for scientists since they are low-energy-expenditure processes [1], have no need of additional phases for the separation of the target solutes, require minimal steps of processing, and do not use temperature gradients for efficiency separation [2,3]. This latter characteristic makes them more attractive for obtaining highly thermolabile compounds since they demand the absence of temperature to not compromise their stability and bioactivity. As for micro (MF)-, ultra (UF)-, and nanofiltration (NF), the transmembrane pressure is identified as the main driving force for carrying out the process. These processes differ from each other in the average pore size of the membrane used [4]. In the domain of bioactive molecule retrieval, the preeminence of MF has become conspicuously apparent as the most widely employed approach for the preliminary treatment of bulk solutions, primarily targeting the elimination of particulate matter and macromolecular constituents. Conversely, in the pursuit of recuperating high-molecular-weight entities, such as carbohydrates, proteins, pectins, and abundant phenolic fraction with considerable molecular mass, UF prevails as the commonly favored method [5]. As the finest pore-sized membranes, ranging from 2 to 0.5 nm (350 and 1000 Da), NF is the most effective process for separating low-molecular-weight compounds [6], such as phenolic fractions and carotenoids. To some extent, the membrane pore size determines the separation efficiency of the processing depending on the molecular weight of the solutes; however, specific interactions (such as Coulombic, polar, and hydrophobic interactions), operating parameters (pressure, pH, temperature, etc.), and phenomena (such as membrane fouling) greatly influence the overall performance of the NF process during the separation task [7,8,9]. Therefore, apart from reviewing the ultimate recovery cases of phenolic compounds and carotenoids from distinct food systems, we also examine the main parameters and interactions occurring during the recovery process and contributing to a superior recovery percentage. Finally, we provide the main perspectives to be studied by scientists to make NF completely attractive in the recovery of food ingredients.




2. Ongoing Progress in Recovery of Phenolic Fractions from Food Systems via NF


2.1. Flavonoids


Flavonoids (FVs), which are solutes of low molecular weight, chemically present 15 carbon atoms that are organized in a C6–C3–C6 configuration. The chemical structure of FVs presents two either different or similar aromatic rings depending on the FV type, which are linked by a three-carbon bridge, commonly in a heterocyclic ring configuration. Due to this change in such a heterocyclic ring configuration, it is possible to obtain six different subclasses of FVs, as represented in Figure 1. In general, flavonols, flavanols, isoflavones, flavones, flavanones, and anthocyanidins are typically derived from this FV pattern modification [10,11,12].



According to the USDA database, several variants can be found in each subclass, as follows:




	
Flavonols: quercetin, kaempferol, myricetin, isorhamnetin;



	
Flavan-3-ols: catechins, epicatechins, epicatechin3-gallate, epigallocatechin, epigallocatechin 3-gallate, gallocatechin, theaflavin, theaflavin 3-3′-digallate, theaflavin 3′-gallate, theaflavin 3-gallate, thearubigins;



	
Flavones: apigenin, luteolin;



	
Flavanones: hesperetin, naringenin, eriodictyol;



	
Anthocyanidins: cyanidin, delphinidin, malvidin, pelargonidin, peonidin, petunidin.








The concentrated phenolic fractions and carotenoids derived from advanced separation methodologies, such as NF or UF, manifest an expansive array of practical applications and prospective advantages across diverse industries, notably within the domain of food formulations and allied sectors [13].



In the intricate landscape of food science and technology, these concentrated bioactive compounds assume a pivotal role in elevating both the nutritional composition and sensorial attributes of comestible products. Phenolic compounds, distinguished for their discernible antioxidant prowess, efficaciously attenuate oxidative processes, thereby conferring prolonged shelf life upon perishable edibles. The incorporation of concentrated phenolic fractions into formulations not only begets augmented food preservation but also accords with the burgeoning consumer proclivity toward natural antioxidants as a judicious alternative to synthetic additives.



Simultaneously, carotenoids, as colorant agents, confer vibrant hues to comestibles, concurrently endowing them with essential provitamin A activity. The judicious concentration of carotenoids through nanofiltration enables meticulous control over color attributes, facilitating the fabrication of visually captivating foods without the reliance on synthetic colorants. Furthermore, the antioxidant potential inherent in specific carotenoids contributes substantively to the overall oxidative stability of lipid-laden food formulations [14].



Transcending the gastronomic milieu, these concentrated bioactive compounds have carved out niches in the pharmaceutical and cosmetic spheres. Phenolic fractions, exhibiting anti-inflammatory, antimicrobial, and potentially anticancer attributes, have emerged as pivotal constituents in the synthesis of functional foods or pharmaceutical formulations. Meanwhile, carotenoids, acknowledged for their cutaneous health benefits and free-radical-quenching capabilities, are habitually incorporated into cosmetic formulations for skincare products [14].



In the agricultural field, the utility of concentrated phenolic fractions extends beyond mere food-processing applications. These compounds, evincing efficacy as plant growth regulators and elicitors, may provide heightened crop yields and resilience. In parallel, carotenoids, owing to their involvement in photosynthetic and stress-responsive mechanisms, may offer amplified plant vitality and productivity [14].



Furthermore, the ramifications of these concentrated bioactive compounds extend to the environmental field. The chelating properties inherent in phenolic compounds may be harnessed for water treatment, efficaciously mitigating the deleterious impacts of heavy metal contamination. In a parallel vein, the light-absorbing proclivities of carotenoids may be instrumentalized in solar energy applications, delineating an intersection between biological entities and sustainable technological pursuits [15].



The judicious application of concentrated phenolic fractions and carotenoids, procured through sophisticated separation methodologies such as nanofiltration, is poised to orchestrate a transformative paradigm shift across diverse industries. From fortifying the nutritional fabric of food commodities with natural antioxidants to contributing substantively to pharmaceuticals, cosmetics, agriculture, and environmental stewardship, the multifaceted applications underscore the profound and far-reaching influence of these bioactive compounds on human well-being, aesthetic considerations, and sustainable practices within various scientific domains.



In recent investigations, it has been confirmed that there are multiple health-promoting benefits from the consumption of FVs in the diet [16]; for example, they significantly reduce the risk of developing chronic illnesses including cardiovascular diseases, diabetes (mostly type II), and distinct types of cancers [17]. Given their related bioactive properties, food formulations and products may possibly be enriched with FVs to increase the nutritional value of the final products. Despite their availability in most fruits and vegetables, the extraction of FVs represents a challenge due to the chemical complexity of the natural source. Apart from this, most of the traditional extraction techniques may use the application of temperature gradients for high extraction yields. This represents a constraint due to the high thermal degradability of FVs along with the long extraction time [18]. In this regard, scientists strongly seek extraction methods exhibiting properties of low reactivity and thermal degradability of FVs to ensure both acceptable yield and bioactivity of the solute. Here, membrane technologies, especially driven by a pressure gradient, are alternatives for such extraction tasks since they do not use any temperature gradient. With high selectivity, NF can efficiently concentrate distinct types of FVs from distinctive natural products and their byproducts, as listed in Table 1. The capability (in terms of rejection towards FV rejection) of different commercial NF membranes varied from 52 up to 99% depending on the type of feed source and the properties of the membrane, including MWCO, membrane structure, and membrane material.



The intricate process encompassing the recovery, purification, and concentration of phenolic compounds from produce sources through a multifaceted integration of membrane operations is elucidated in Figure 2. In this latter scheme, a systematic framework is meticulously designed to exploit the inherent selectivity and permeability of membranes in separating, purifying, and concentrating these bioactive constituents from the complex matrices of vegetable extracts.



Solvent extraction is a widely used and effective method for the extraction of phenolic fractions and carotenoids from natural sources. The choice of solvent depends on the specific characteristics of the target compounds and the source material. The use of green solvents and the optimization of extraction conditions can improve the efficiency and sustainability of the extraction process.



A review article published by Saini et al. [25] described the utilization of non-polar solvents, such as hexane, as underscored for the extraction of carotenoids owing to their hydrophobic nature. Additionally, the article explored the efficacy of polar solvents like ethanol and methanol in extracting phenolic compounds. Conversely, a study featured by Ricarte et al. [26] investigated the application of enzyme-assisted extraction alongside green solvents such as ethyl lactate and limonene for extracting carotenoids and phenolic compounds from sunflower wastes, revealing enhanced extraction efficiency with green solvents. Similarly, the utilization of green solvents includes vegetable oils, supercritical fluids, deep eutectic solvents, and ionic liquids for extracting carotenoids from fruit and vegetable by-products [27], emphasizing the necessity of safe solvents and product recovery for large-scale applications. On a different note, a study made by Wang et al. [28] scrutinized the extraction and recovery of bioactive soluble phenolic compounds from grape pomace, highlighting methanol as the most efficacious solvent. Furthermore, a review article published by Garcia-Salas et al. [29] analyzed various solvent systems for extracting phenolic compounds from fruit and vegetable samples, elucidating the advantages and drawbacks of methods such as liquid–liquid extraction, supercritical fluid extraction, solid-phase extraction, microwave-assisted extraction, and ultrasound-assisted extraction.



Pre-treatment procedures preceding membrane filtration influence the operational efficiency and long-term operation of membrane-based processes. These pre-treatment procedures, including coagulation, flocculation, sedimentation, and pre-filtration, are meticulously designed to address fouling mechanisms, enhance permeate quality, and optimize hydraulic performance. By targeting the removal of particulate matter, colloids, and macromolecules, pre-treatment mitigates fouling propensity, thereby extending membrane lifespan and reducing the frequency of maintenance. Furthermore, pre-treatment strategies enable the control of foulant concentration, regulating organic and inorganic species that could compromise membrane performance. This proactive approach not only preserves permeate quality but also minimizes energy consumption by optimizing pressure differentials across the membrane surface.



Cassano et al. [30] conducted an assessment of an integrated membrane process employing UF and nanofiltration NF membranes for the recovery of phenolic compounds from olive mill wastewaters (OMWs). Their study revealed that UF pre-treatment resulted in diminished permeate flux decay and elevated steady-state permeate flux values during subsequent UF steps utilizing a composite fluoro polymer membrane with a molecular weight cutoff of 1 kDa (Etna 01PP, Alfa Laval, Nakskov, Denmark). Furthermore, a prior investigation demonstrated that pre-treating raw OMWs with a ceramic MF membrane before NF application yielded substantial reductions in total suspended solids (TSS) and total organic carbon (TOC) by 91% and 26%, respectively. Within the MF permeate, 78% of phenolic compounds were successfully recovered and separated from suspended solids and partially from other organic constituents. The MF membrane exhibited varied rejection rates towards different low-molecular-weight phenolic compounds, ranging from 7.2% (protocatechuic acid) to 27.7% (oleuropein) [31].



The necessity for stereochemistry analysis arises from the intricate interplay between the distinctive structural configurations of polyphenols or carotenoids and the nuanced physicochemical properties inherent to nanofiltration or ultrafiltration membranes. Each chemical entity exhibits a complex stereochemical landscape, necessitating meticulous examination to discern enantiomeric and diastereomeric arrangements. This analytical endeavor is indispensable for comprehending the intricate molecular recognition phenomena and transport dynamics occurring at the interface of membranes [32]. The molecular configurations and functional moieties inherent in phenolic fractions and carotenoids exert a profound influence on their behavior within polymeric membrane matrices, influencing interactions with porous structures and membrane additives in membrane processes. Carotenoids, characterized by repetitive isoprene units interspersed with conjugated double bonds, demonstrate precipitating structural alterations including ring cycling, double bond migration, and oxygen molecule addition [33]. Conversely, phenolic compounds present a diverse array of structures featuring hydroxyl groups, conferring antioxidant properties and fostering interactions with membrane substrates [34]. The presence of aromatic rings and aliphatic chains imparts a hydrophobic character to these micromolecules, augmenting their molecular volume. However, an escalation in the abundance of hydroxyl and carboxylic groups, alongside an acidic pH characteristic of the feed samples, engenders intermolecular negative polarity. Consequently, solutes engender water molecule attraction, resulting in increased volumetric dimensions of target molecules and impeding their permeation through membrane pores, thus engendering the “polarity resistance” phenomenon [35,36].



Moreover, the selection of NF or UF membranes necessitates a comprehensive understanding of their pore characteristics, surface charge density, and hydrophobicity gradients, all of which collectively dictate compatibility or reactivity thresholds with phytochemical constituents. Through the synergistic integration of spectroscopic techniques and computational modeling, this holistic approach not only elucidates the stereochemical information but also serves to inform the design and optimization of the membrane processes tailored for the efficient separation, purification, and valorization of polyphenolic and carotenoid compounds across diverse industrial and biomedical sectors. When selecting polymeric membrane materials, careful consideration must be given to selecting membranes that exhibit chemical stability and compatibility with the functional groups present in the target compounds. Furthermore, the porous architecture of the membrane and the incorporation of additives, such as polyhydroxy butyric acid and polyethylene glycol, can significantly impact the permeation rates and the efficiency of separation and the retention of phenolic fractions and carotenoids. Hence, the choice of membrane materials, pore size, and surface modifications should be meticulously tailored to the distinct characteristics of the phenolic fractions and carotenoids, to achieve optimal separation and retention within integrated membrane processes. In the context of polysulphone membranes, the sequential arrangement of aromatic and aliphatic units confers upon the polymer its hydrophobic profile, thereby effectively repelling water and hydrophilic compounds [37,38]. These units are intricately linked with oxygen (aryl-O-alkyl) and sulfur dioxide (aryl-SO2-alkyl) molecules, intermittently introducing hydrophilic properties to the membrane surface through the formation of hydrogen bonds. Despite the predominantly hydrophobic nature of polysulphone, it remains vulnerable to concentration polarization and fouling, primarily attributed to the deposition of organic matter [39].



The pronounced retention of micromolecules within large membrane pores is ascribed to their inherent polarity. Phenolic compounds, for example, exhibit both nonpolar and polar moieties within their molecular structures. The hydroethanolic solvent utilized in specific applications serves to shield these dual sides by furnishing ethanol molecules to the nonpolar side and water molecules to the polar side, thereby enhancing their solubility and flexibility. This phenomenon not only augments their solubility but also potentially contributes to the preservation of their antioxidant properties throughout storage periods [40]. Conversely, this inherent flexibility may facilitate the traversal of phenolic compounds through membrane pores, enabling them to navigate and adhere within the narrower porous regions of polysulphone membranes. The c molecular weight of the solutes, as well as their polar and non-polar regions, along with the membrane’s polarity and molecular weight cutoff (MWCO), results in a decreased retention of phenolic compounds observed with a more polar membrane, such as cellulose acetate with a 30 kDa cutoff [41].



The MWCO of the membrane represents merely one aspect among several criteria to consider. Notably, the asymmetrical fabrication of membrane pores does not consistently correlate with a narrow MWCO range. Furthermore, various phenomena, such as concentration polarization, membrane fouling, and Coulombic and hydrophobic interactions, contribute significantly to phenolic retention [42,43]. The impact of these phenomena diminishes when considering the solubility of solutes and the hydrophobicity of the membrane surface [42]. Consequently, the MWCO serves as a relative rather than absolute barrier for the segregation of macro- and micro-molecules. Additionally, within bioresource matrices, larger and smaller functional molecules tend to aggregate into clusters; for instance, phenols may non-covalently bind to dietary fibers or proteins [35]. A reduction in the MWCO of the membrane is also evident during polarization concentration and fouling issues. Furthermore, polyphenols exhibit a propensity to interact and bind non-covalently to proteins and polysaccharides. This implies that low-molecular-weight polyphenols may concentrate in the retentate, aligning with the structural characteristics of higher-molecular-weight polyphenols [44].



The efficacy of membrane performance hinges upon a multitude of factors meticulously controlled to not only optimize permeate flux but also enhance selectivity towards target compounds [45,46,47]. Among these factors, transmembrane pressure (TMP) assumes a pivotal role, exerting a direct influence on membrane fouling, which can manifest as reversible or irreversible. Notably, increasing TMP results in a proportional augmentation of permeate flux until reaching the critical transmembrane pressure, where this linear correlation becomes attenuated. This critical threshold signifies the apex of the flux attainable under specific operational parameters, beyond which further increments in TMP yield no commensurate enhancement in flux [48]. Consequently, for the seamless continuity of processes, TMP must be judiciously set below the critical value, thus operating within a non-critical zone characterized by minimal fouling effects [6].



The rejection of phenolic compounds typically exhibits an upward trend with the elevation of TMP, a phenomenon well-documented in the literature [20,49]. This phenomenon finds explanation within the framework of the film layer theory, positing the formation of a thin layer adjacent to the membrane surface characterized by a specific thickness, wherein the concentration gradient diminishes from the surface towards the bulk solution. With escalating TMP values, concentration polarization and fouling phenomena become more pronounced, culminating in the deposition of an additional selective layer atop the membrane surface, thereby increasing the retention coefficient [6]. In the treatment of ultrafiltered OMWs using NF membranes, the fouling effects are observed with the increase in operating pressure [50]. Typically, elevated temperatures yield increased flux rates across both the pressure-controlled region (below the critical TMP) and the mass transfer-controlled region (above the critical TMP). This temperature-dependent effect stems from the reduction in feed viscosity, thereby necessitating diminished pumping energy and horsepower [51]. Nevertheless, in applications where membrane processes are employed for phenolic compound recovery, operational temperatures should ideally be maintained at lower levels to mitigate the risk of compromising the bioactivity of the compounds.



As can be seen in Table 1, agro-food by-products, such as blueberry pomace, pomegranate wastes, citrus, grape and artichoke by-products, are likely to be the most investigated sources for obtaining these bioactive molecules. For instance, grape (Vitis vinifera L.) is likely to be one of the principal fruit crops worldwide [51,52]. It is consumed raw or processed into other products. It is known that around 75% of the worldwide grape production is commercialized and used in the wine-making industry. In particular, grape pomace, which represents ca. 25% of the entire grape weight, is a large by-product from the wine-making industry. This by-product is formed of different grape parts such as skin, stalks, and seeds [53]. To some extent, these wine-making by-products contain different classes of flavonoids, including monomeric flavan-3-ols and oligomeric proanthocyanidins [54]. In a strategic fractionation of this by-product, Santamaria et al. [19] first reported the fractionation of defatted milled grape seeds to obtain a final extract enriched in phenolic fractions via AFC40 NF membrane, which successfully eliminated low-molecular-weight acids and aldehydes. After this, the extract was further filtered using PU608 and PU120 UF membranes. The resulting UF retentate was subsequently filtered with FP200 MF membrane to successfully recover pure oligomeric proanthocyanidin extract. Strategically, a PU608 UF membrane was implemented to fractionate the proanthocyanidins into two fractions: (i) an extract containing dimers and trimers, and (ii) an extract containing oligomeric proanthocyanidins [19]. A recovery of 100% of the total FVs can likely be obtained. Applying different membranes, Diaz-Reinoso et al. [55] experimented with the recovery of phenolic fractions from distilled fermented grape pomace in water solutions. Here, the maximum phenolic fraction recovery was observed as 52% using distinct commercial UF and NF membranes, as found in Table 1. Importantly, all tested membranes were used in a single-stage unit observing the molecular sieving as the main parameter for the efficient separation. However, several membranes configurated in sequence reveal a greater recovery rate, as reported by Santamaria et al. [19].



By developing lab-made membranes based on cellulose acetate membranes, namely CA400-22, CA400-26, and CA400-28, Giacobbo et al. [56] compared their performance in phenolic fraction recovery from winery effluents with two commercial nanofiltration membranes (NF270 and ETNA01PP). In particular, the commercial NF270 membrane exhibited the maximum rate for phenolic fractions as high as 93.8%, while the other commercial ETNA01PP offered a poor rejection of ca. 27% [56]. As for lab-made membranes, they displayed a recovery ranging from 40 to 70%. The low recovery rate could be attributed to the hydrophilic profile that CA membranes tend to display. The same authors reported the UF membrane (MWCO: 10 kDa) as the suitable one for splitting the phenolic fractions from polysaccharides, while they also found that an NF membrane was able to retain almost all anthocyanins with 90% of the total phenolic compounds [57]. In a subsequent study by the same researchers [58], it was observed that for both commercial membranes, the ETNA01PP and NF270 membranes, the concentration polarization phenomenon increases by increasing the transmembrane pressure (at low crossflow velocities) [58].



Organic acids (such as tartaric acid) and phenolic fractions have been acquired from winery waste lees [59]. In this development, among the different NF membranes, sulfonated polyethersulfone, labelled as 70pHT, revealed interesting recovery performance as high as 91.9% while exhibiting minimal fouling [59]. By using the proposed scheme recovery process (see Figure 3), the high phenolic fraction recovery has been ascribed to some extent to the possible interaction with polysaccharides, which improved the phenolic solubility in water. Interestingly, the suggested recovery process involves wine lees, as recovered without any drying process, which can be mixed with acidified water [59]. After a sedimentation process, by incorporating cationic resins, the potassium bitartrate is dissolved, yielding tartaric acid, while phenolic fractions embedded/entrapped in the wine lees matrix are also dissolved in the acidified water. After this, the obtained supernatant can be fractionated by an NF membrane, ranging from 720 to 1000 kDa. In general, the proposed membrane stage can distinguish tartaric acid from phenolic fractions, in which the rejection rates will depend on the membrane cutoff and the final chemical composition of the treated bulk [60].



Investigating nine different NF membranes with a cutoff between 150 and 1000 Da, Yammine et al. [61] evaluated the efficient separation of phenolic solutes from grape pomace extracts. The membranes, exhibiting a cutoff between 500 and 1000 Da, were efficient enough to retain polymeric proanthocyanidins, while membranes presenting 300–600 Da were capable of fractionating monomeric compounds. To recover polymeric flavan-3-ols (over 370 g/mol molecular weight), the rejection values varied from 59 to 100%, representing exceptional recovery efficiency, while for molecules smaller, like catechin (ca. 290 g/mol), the rejection efficiency behaved randomly from 23 up to 99.4%. When implementing membranes with a narrower cutoff, e.g., between 150 and 400 Da, the rejection efficiency for flavonoids and anthocyanins was reported to be more stable, ca. 95% according to the experiments of Yammine et al. [61].



It is likely that grape by-products are the most investigated wastes due to their high content of phenolic compounds, as shown in Table 1; however, citrus fruits, berries, and pomegranate are among important fruits with high content of flavonoids and they are also investigated to obtain phenolic fractions. As an example, Cassano et al. [62] initially examined the separation and later the concentration of flavonoids contained in orange press liquor produced after orange peel processing. In this work, four distinct NF membranes in spiral-wound configuration were used with cutoff from 250 to 1000 Da. Interestingly, the authors, as experts in the field, also paid attention to different membrane materials and their effect on the resulting physicochemical and separation properties of the membranes. Here, the authors used diverse polymer materials including polyamide, polypiperazine amide, and polyethersulfone. The findings determined that the highly hydrophobic NFPES10 membrane based on polyethersulfone exhibited the highest rejections for anthocyanins, ca. 89%, while for flavonoids, it was about 70% [62]. In this regard, it is worth mentioning that the membrane hydrophobicity exerts a noticeable effect during the separation process. This is the case of polysulfone, which exhibits a hydrophobic profile and thus repels water molecules and all related soluble solutes with a hydrophilic nature. The hydrophobicity of this polymer is thanks to its chemical structure presenting sequential aromatic and aliphatic units, and hence showing this characteristic [63].



The same research group looked at citrus juice from bergamot (Citrus bergamia Risso) as a source of flavonoids. In this development, Conidi et al. [64] implemented a sequence of membrane stages based on UF and NF. First, bergamot citrus extract was ultrafiltrated to eliminate the suspended solids. The clarified extract was then processed by distinct UF and NF membrane modules with different membrane cutoff; this was proposed to analyze the phenolic fraction rejection together with sugars and organic acids. In particular, the NF membranes, exhibiting a cutoff of 450 Da, displayed the highest phenolic fraction rejection, which varied from 91 to 99% [64]. An important finding documented by the authors relies on the fouling phenomenon, which was noted to be more severe when the pH of the solution was increased from 2.8 to 8.5. To some extent, such an increase in pH brings the precipitation of the phenolic compounds, which consequently promotes the retention of other molecules [65]. By experimenting with distinct commercial NF membranes, the authors also recovered flavonoid fractions with recovery rates between 88.4 and 90.1% [66].



Aronia, which is a typical violet-black fruit berry from North America, presents significant content of anthocyanins [67]. By processing this natural juice, an almost complete recovery (ca. 99%) has been reported by Gilewicz-Łukasik et al. [68] using an NF membrane; however, the great concentration of the bioactive ingredients was also assisted by using Na2SO3, which is recognized as an efficient extractant. In a more recent development, Arend et al. [69] utilized subsequent MF and NF stages to concentrate anthocyanin-containing strawberry (Fragaria X ananassa Duch) juice. Here, pelargonidin 3-O-glycoside was most found and retained at ca. 95%. According to the authors, a possible interaction between this phenolic solute and other compounds (such as low-molecular-weight polysaccharides) may generate chemical bonds and the Van der Waals force between the complex compounds and membrane material, contributing to such rejection rates [69].



Blackberry (Rubus adenotrichos Schltdl.) extract, replete with a profusion of anthocyanins and ellagitannins, underwent concentration employing an assortment of NF membranes. Notably, each of the examined membranes exhibited unparalleled efficacy in retaining 100% of the aggregate ellagitannin content, whereas, at a volumetric reduction ratio of 1, an astonishing retention exceeding 94% was achieved for the total anthocyanin fraction. Intrinsically, the NF270 membrane, subjected to an operating pressure of 3 MPa, emerged as the paramount contender, showcasing the most elevated potential for the concentration of blackberry polyphenolic compounds [69]. Blueberry (Vaccinium corymbosum) pomace, as the residual solid of juice processing, is a fruit by-product containing a high loading of both monomeric and polymeric anthocyanins. Avram et al. [70] deployed a dual array of NF membranes, namely NF270 and NF245, as adept tools for the extraction of anthocyanins, flavonols, and an array of other phenolic compounds from blueberry pomace. Both NF270 and NF245 membranes demonstrated commendable efficacy, boasting a retention rate surpassing 97% for the entirety of polyphenolic species. Moreover, the employment of the crossflow filtration emerged as a pivotal strategy, profoundly mitigating membrane fouling and culminating in enhanced operational efficiency [70]. Similarly, the concentration of polyphenols derived from elderberry (Sambucus nigra L.) juice underwent meticulous examination, encompassing the probing of three distinct commercial NF membranes, each distinguished by varying MWCO thresholds (400 and 1000 Da) and constituting diverse polymeric materials (composite fluoro-polymer and polyethersulphone). All selected membranes showcased commendable rejections concerning a suite of compounds, specifically anthocyanins (cyanidin 3-O-sambubioside and cyanidin 3-O-glucoside), rutin, and astragalin, with rejections exceeding a remarkable 75%. In contrast, relatively diminished rejections were observed concerning catechin and protocatechuic acid, ranging from 25% to 42%. This systematic investigation engenders pivotal insights into the selective retentive capacities of NF membranes, rendering valuable knowledge for optimizing the concentration of polyphenolic species in elderberry juice, and contributing to the burgeoning realm of membrane-based processing strategies for enriching bioactive compounds in functional food products.



The NP030 membrane, characterized by a polyethersulfone composition and an MWCO of 400 Da, exhibited superlative polyphenol rejection capabilities relative to the other two NF membranes under scrutiny, as documented by Tundis et al. [71]. In a separate investigation aimed at polyphenol separation, which encompassed a diverse array of compounds such as anthocyanins, ellagic acid, phytoestrogenic flavonoids, and tannins, sourced from pomegranate juice, a variety of UF and NF membranes sporting nominal MWCOs ranging from 1000 to 4000 Da were rigorously examined. Notably, the Desal GK membrane, with an MWCO of 2000 Da, registered higher productivity, a lower fouling index, and outstanding cleaning efficiency when compared with other membranes. The retentate stream produced yields of polyphenols and anthocyanins as high as 84.8% and 90.7%, respectively, as reported by Conidi et al. [72]. In a recent foray into the realm of NF processes to concentrate polyphenols from pomegranate peel, a study by Papiannou et al. [73] experimented with an optimal membrane performance under a pressure of 10 bar and a pH of 6, demonstrating a robust polyphenol retention rate as high as 98%.



Investigating pequi (Caryocar brasiliense Camb.), a typical Brazilian fruit, Machado et al. [74] revealed that an aqueous pequi extract exhibited an impressive 97% retention of polyphenols, while a 95% ethanol extract exhibited a relatively modest retention of 15%, with the disparity ascribed to the hydrophilic character of the NF90 membrane. Drawing upon the potential of NF for concentrating bioactive compounds from watermelon (Citrullus lanatus) juice, Arriola et al. [75] recorded a commendable flavonoid recovery rate of 96%. Similarly, phenolic compounds derived from the seeds of jamun (Syzygium cumini L.) fruit, indigenous to India, were effectively purified and concentrated through an integrated approach employing UF and NF membranes, as exposed by Balyan and Sarkar [76].



In an interesting study, Uyttebroek et al. [77] used a commercial NF membrane, NFX, to concentrate polyphenols from apple pomace, yielding an exceptional average retention rate of 98–99% for most polyphenols, e.g., catechin (83%) and epicatechin (93%), attributable to their relatively low molecular weights (290 Da) and the MWCO range of 150–300 Da of the NFX membrane.



Venturing into the domain of anthocyanin-rich jussara (Euterpe edulis) fruit extracts, indigenous to Brazil, a comprehensive NF investigation using six commercial flat-sheet membranes with nominal MWCOs spanning from 150 to 1000 (NF270, NF90, NP010, NP030, Desal 5-DK, and Desal 5-DL) unveiled noteworthy insights. NF270, NF90, Desal 5-DK, and Desal 5-DL membranes exhibited equivalent prowess in retaining cyanidin 3-O-rutinoside, and cyanidin 3-O-glucoside, while NP010 and NP030 membranes showcased elevated selectivity exclusively for cyanidin 3-O-rutinoside. Among them, the Desal 5-DK membrane showcased the pinnacle of anthocyanin retention capacity, impressively reaching 98%, as documented by Vieira et al. [78].



Artichoke (Cynara scolymus L.) represents a bountiful reservoir of polyphenolic compounds, including apigenin and luteolin, as well as their 7-O-glucosides. The artichoke processing industry generates substantial by-products, such as leaves, external bracts, stems, and blanching waters, constituting nearly 80–85% of the total plant biomass. These by-products are conventionally relegated to animal feed or waste, yet their potential as a reservoir of polyphenols has been brought to light [79,80]. To this end, Conidi et al. [80] undertook a profound exploration of a cutting-edge integrated membrane process, involving UF and NF techniques, designed to separate polyphenols from the artichoke processing industry. Employing the hollow fiber membrane (DCQ III-006C) in the UF stage effectively removed suspended solids, yielding a UF feed with notably elevated apigenin 7-O-glucoside levels (100 mg/L) in comparison to the initial juice (61 mg/L). In subsequent stages, two distinct NF membranes, namely NP030 and Desal DL, were employed to discriminate between polyphenols and sugars. The permeate from the Desal DL membrane exhibited a complete absence of apigenin 7-O-glucoside, while the NP030 membrane displayed a commendably lower rejection rate (82%) for this compound. This process culminated in the production of a polyphenol-enriched retentate, thus opening avenues for its utilization in the realms of food, nutraceutical, or cosmeceutical factories [81]. Furthermore, Conidi and Cassano [82], as part of investigating extract fractionation with membranes, employed a sequential arrangement of two NF membranes (NP030 and Desal DK) to effectually partition polyphenols from aqueous artichoke extracts. Operating under optimized conditions (4 bar, 25 °C), the NP030 membrane exhibited superlative rejections of apigenin, exceeding 85%. Subsequently, the permeate from the NP030 membrane underwent processing with the Desal DK membrane, resulting in the generation of a polyphenol and sugar-free stream. This stream holds promise for potential reuse in irrigation or recycling within the artichoke processing industry [82]. The same research group, as elucidated in a subsequent study [83], adopted an innovative approach that combined membrane processes (UF serving as pre-treatment, succeeded by NF) with the application of polymeric resins to selectively purify polyphenols from artichoke wastewaters. In the aftermath of UF, the permeate exhibited a marginal 6% decline in apigenin 7-O-glucoside content compared to the feed solution, with NF eliminating polyphenols. Among the diverse macroporous resins scrutinized, S7968 displayed an astounding 100% adsorption ratio for apigenin 7-O-glucoside, closely trailed by S6328 (99.9%) and S2328 (85.7%). Notably, the relatively lower adsorption ratio observed for the S2328 resin was attributed to the discernibly feeble affinity of the analyzed compounds for cation exchangers [83]. In a complementary venture, Cassano et al. [83] undertook an in-depth exploration of flavonoid recovery from artichoke brines, employing five distinct commercial spiral-wound NF membranes (NP010, NP030, NF200, Desal DL, and Desal DK) crafted from various polymeric materials, including polyethersulphone and polyamide, and featuring distinct molecular weight cutoffs (MWCOs) ranging from 200 to 1000 Da. The results showcased the superiority of NF membranes with an MWCO of 200 Da, successfully recovering over 92% of the flavonoids [84]. In another pioneering work, Rabelo et al. [85] examined a sequential process combining ultrasound extraction and advanced membrane technology to recover polyphenols from artichoke solid wastes. A systematic evaluation of different solvent compositions (ranging from 0 to 75% ethanol), ultrasound power levels (ranging from 0 to 720 W), and NF membranes (NF270, DK, and DL) led to the identification of optimal conditions, specifically 50% ethanol, 240 W ultrasound power, and NF employing the DK membrane, which yielded the highest polyphenol recovery [85].



In addition to fruits and vegetables, the utilization of NF processes for polyphenol extraction extends to several other plant sources. Among these is mate (Ilex paraguariensis A. St. Hil), a significant plant hailing from the subtropical regions of South America, known for its wealth of biologically active compounds, including flavonoids [86]. In in-depth investigations by Prudencio et al. [87], the core of the research was focused on concentrating major polyphenols extracted from mate bark using NF technology. Impressively, the study concluded that 99% of the polyphenols were successfully retained in the concentrates, indicating the efficacy of nanofiltration in this context. Similarly, the extraction of anthocyanin extract from roselle (Hibiscus sabdariffa L.) was subject to scrutiny. Cisse et al. [88] tested ten NF flat-sheet membranes and eight tight UF membranes featuring varying nominal molecular weight cutoffs (0.2–150 kDa). The results demonstrated that all the examined NF membranes exhibited noteworthy retention rates of total anthocyanins, ranging from 93% to 100%.



Moreover, Tylkowski et al. [89] ventured into the concentration of flavonoids from Sideritis ssp. L, an endemic plant found in the Balkan Peninsula, using three distinct NF membranes (StarmemTM 240, DuramemTM 300, DuramemTM 500). The study showcased the complete rejection of polyphenols, including flavonoids, by the DuramemTM 300 membrane. Notably, the separation of flavonoids from low-molecular-weight compounds was attainable when the molecular weight cutoff exceeded 400 Da. Eucalyptus bark also emerged as a viable candidate for polyphenol concentration, and Pinto et al. [90] investigated two UF membranes (JW and PLEAIDE) and one NF membrane (SolSep 90801). All the examined membranes displayed selective retention of polyphenols, with the JW membrane exhibiting the highest enrichment of formaldehyde-condensable tannins (17%) and proanthocyanidins (28%). The focus on flavonoid concentration using NF membranes extended to cocoa and propolis as well. Sarmento et al. [90] undertook the concentration of polyphenols from cocoa seeds using commercial NF polymeric membranes (DL, HL, NF, and NF-90). The study unveiled polyphenol rejections ranging from 80% to 95% for the tested membranes. For propolis, a mixture produced by bees, the NF process proved effective in concentrating flavonoids and other phenolic compounds from both aqueous and ethanolic extracts. Mello et al. [91] reported that the NF90 membrane retained approximately 99% of flavonoids in the aqueous solution and 90% in the ethanolic solution. Further investigations by Tylkowski et al. [92] also evaluated the sequential concentration of propolis extract using two membranes (Starmem TM 122 and Duramem TM 200), achieving remarkable rejections of over 95% with the Duramem TM 200 membrane. Additionally, the same researchers, in a study by Tsibranska et al. [93], employed membranes with varying molecular weight cutoffs (300–900 Da) to fractionate flavonoids from propolis extract. The rejections for total polyphenols and flavonoids ranged from 30% (900 Da membrane) to an impressive 94% (300 Da membrane), demonstrating the versatility and potential of NF in the concentration and fractionation of polyphenols from various plant sources [94].




2.2. Non-Flavonoids


As for flavonoids, their extraction has also received attention from distinct natural products and by-products, as reported in Table 2. For instance, artichoke (C. scolymus L.) stands as another compelling source of polyphenols, encompassing not only flavonoids but also phenolic acids, most notably chlorogenic acid and cynarin. Conid et al. [81] delved into the separation of polyphenols from artichoke wastewaters using two distinct NF membranes (NP030 and Desal DL). The study unveiled that the Desal DL membrane permeate lacked phenolic acids, whereas the NP030 membrane exhibited a lower rejection towards chlorogenic acid (95%) and cynarin (90%) [81]. A parallel inquiry by the same research group applied the NP030 and Desal DK membranes sequentially for the separation of phenolics from aqueous artichoke extracts, resulting in high rejections exceeding 85% for chlorogenic acid and cynarin [83]. Similarly, the same researchers employed a combination of membrane processes and polymeric resins to achieve phenolic purification from artichoke wastewaters, with the S7968 resin demonstrating the highest adsorption ratio for chlorogenic acid (81.35%) [84]. They expanded this exploration to the recovery of phenolics from artichoke brines, demonstrating that NF membranes of 200 Da recovered over 92% of total hydroxycinnamic acids, chlorogenic acid, and cynarin [84]. Correspondingly, another study harnessed the efficacy of nanofiltration in purifying tyrosol in olive mill wastewaters, revealing the separation of almost all phenolics after optimized NF conditions [95].



Beyond olive and artichoke by-products, the NF process has been extensively explored for concentrating phenolic compounds from diverse sources. Cai et al. [102] navigated the recovery of phenolic compounds from fruit juices using two NF membranes (VNF1 and VNF2) composed of distinct polymeric materials (polyamide and polypiperazine amide) and featuring different molecular weight cutoffs (240 and 150 Da). This undertaking resulted in rejections ranging from 18.91% to 96.80% and 39.69% to 98.23% for gallic, protocatechuic, caffeic, ferulic, and chlorogenic acids with VNF1 and VNF2, respectively [102]. Venturing further, the concentration of phenolic compounds from the pequi fruit native to Brazil was undertaken, employing sequential MF, UF, and NF0 processes, resulting in the recovery of over 80% of ellagic acid and 95% of p-coumaric acid [103].



Additionally, Murakami et al. [85] experimented on the concentration of phenolic compounds in mate extract through nanofiltration processes, with impressive recoveries ranging from 95% to 100% for 4,5-dicaffeoylquinic, gallic, 3,4-dihydroxybenzoic, and chlorogenic acids. In a distinct investigation, a different scholarly endeavor harnessed the potential of three distinct nanofiltration membranes, namely DuramemTM 200, DuramemTM 300, and DuramemTM 500, to facilitate the concentration of phenolic compounds derived from rosemary (Rosmarinus officinalis L.). Among this triad, the DuramemTM 200 membrane emerged as the star performer, boasting an exceptional performance characterized by robust rejections ranging from 93.9% to 96.1% for caffeic acid and a striking 99.5% to 99.7% for rosmarinic acid [104].



In a parallel scientific endeavor, Achour et al. [105] worked on the concentration of phenolic compounds extracted from Thymus capitatus through the strategic implementation of membrane processes. The consequential findings illustrated a compelling distinction, revealing that the synthetic NF membrane outperformed both its commercial NF and synthetic UF counterparts in the concentration of phenolic compounds within the retentate fraction [105].





3. Nanofiltration Membranes for the Extraction of Carotenoids


Carotenoids, distinguished as tetraterpenoids comprising 40 carbon atoms, manifest as the red, yellow, or orange pigments intrinsic to a plethora of fruits and vegetables. This classification bifurcates into carotenes and xanthophylls. Carotenes and xanthophylls, as polyenic hydrocarbons, exhibit variable degrees of unsaturation, with xanthophylls arising from carotenes through hydroxylation or epoxidation reactions. Notable examples encompass β-carotene, lycopene as carotenes, and lutein, zeaxanthin within the xanthophyll cohort [106,107].



The pronounced nutritional significance of β-carotene is well-acknowledged, given its capacity to serve as a pivotal precursor for vitamin A synthesis within the human body [108]. This dynamic feature positions it as a prospective avenue for addressing widespread vitamin A deficiency, which a common concern in society [109]. Furthermore, an assemblage of research has substantiated the potential of carotenes in mitigating certain cancers, including gastric, pulmonary, oral, and pharyngeal malignancies [110]. Beyond this, carotenoids exhibit an immune-boosting potential, rendering protection against influenza, bronchitis, infections, and toxins. In addition, these compounds hold substantial dyeing capabilities, facilitating the impartation of desired color traits to food products even at minute concentrations, mere parts per million [111]. The versatility and allure of carotenoids have markedly escalated within the cosmetics, pharmaceutical, and food sectors, underscoring the pivotal role of their extraction from food sources or by-products.



Several foods emerge as notable reservoirs of carotenoids, encompassing squash, carrots, pineapples, sweet potatoes, lettuce, mustard, and kale, among others. In tandem, distinctive local sources endowed with copious β-carotene content include Brazilian wine palm (Mauritia flexuosa), palm fruit (Elaeis guineensis), tucuma (Astrocaryum aculeatum), macaúba (Acrocomia aculeata), pupunha (Bactris gasipaes), and pequi (Caryocar brasiliense) [105]. Beyond the plant kingdom, carotenoids also grace the realms of bacteria, fungi, and algae [107].



Despite their functional attributes, carotenoids evince susceptibility to environmental influences, spanning light, temperature, acidity, and oxidative reactions attributed to their unsaturated bonds. Their lipophilic nature renders them water-insoluble yet soluble in solvents such as acetone, alcohol, and chloroform [106,112]. Regrettably, conventional physical and chemical methodologies for palm oil processing typically result in the extraction and loss of nearly all carotenes. Remediation strategies recommend an additional membrane filtration stage prior to the chemical or physical processing of crude palm oil, enabling carotenoid retrieval. Among different separation techniques, NF emerges as an efficacious avenue for extracting carotenoids from crude palm oil, leveraging its energy efficiency, ambient operating conditions, and the preservation of thermosensitive constituents. In the landscape of organic solvent nanofiltration (OSN), diverse applications encompassing catalytic recovery, solvent exchange, chiral isolation, natural extract concentration, and peptide synthesis have burgeoned. While studies investigating membrane technologies for carotenoid retrieval from palm oil are limited, existing research revolves around a sequence wherein palm oil is first trans-esterified into methyl esters, subsequently followed by NF-driven carotene extraction from these esters [7,113,114].



NF holds considerable promise for the concentration of phenolic fractions and carotenoids within intricate solutions. Its capacity for discerning compounds based on nuanced differentials in molecular dimensions and electrostatic attributes renders it advantageous for the isolation of these bioactive constituents from heterogeneous matrices wherein they may cohabit with diverse molecular entities [115]. The operational parameters of NF, characterized by low pressures and ambient temperatures, are positive to the preservation of the structural integrity of delicate phenolic fractions and carotenoids [116]. This feature becomes particularly salient when considering the susceptibility of these compounds to structural degradation under more stringent processing environments. Additionally, the low energy consumption of NF makes it a sustainable and eco-friendly concentration process.



However, NF still poses inherent challenges that merit scrupulous consideration. Foremost among these is the specter of membrane fouling, a pernicious phenomenon wherein contaminants accrue on the membrane substrate, precipitating a gradual attenuation in filtration efficacy. For phenolic fractions and carotenoids, compounds often characterized by intricate molecular architectures, membrane fouling emerges as a formidable impediment, necessitating a regimen of periodic maintenance and rigorous cleansing protocols [117].



Given the dimensions of the solutes and electrostatic attributes of these compounds, fine-tuning process parameters and membrane characteristics is crucial to achieving the desired separation efficiency. This accentuates the complexity inherent in the pursuit of precise separation within the nanoscale domain [117].



The economic calculus governing NF processes also introduces a dimension of complexity, particularly in the realm of cost considerations. The initial capital outlay and the exigencies of maintaining high-selectivity membranes engender economic challenges, particularly in scenarios marked by resource constraints [116]. Exposure to deleterious chemical agents and elevated pressures may engender membrane degradation, thereby diminishing the longevity of said membranes and concomitantly escalating the financial outlay associated with their subsequent replacement [117]. In addition to this, it is important to consider that NF necessitates a substantial energy expenditure attributable to the imperative deployment of high-pressure pumps and the utilization of substantial water volumes for cleansing and maintenance. Hence, the cost–benefit relationship is essential to ascertain the economic viability of NF in the context of phenolic fraction and carotenoid concentration.



The financial outlay associated with the procurement of NF membranes and accompanying equipment may reach elevated levels, thereby imposing a potential constraint on the extensive integration of this technology within specific industries. Furthermore, the scalability of NF processes is circumscribed by specific factors, including membrane fouling dynamics and the requisite deployment of intricate equipment. Scaling up the process necessitates a strategic equipoise, entailing additional investments to efficaciously address the challenges germane to membrane fouling and perpetuate overarching process efficiency [116].



In summation, while NF distinguishes itself with its well-designed molecular selectivity in concentrating phenolic fractions and carotenoids, some drawbacks, including membrane fouling, selectivity drops, economic considerations, and scalability concerns, are imperative for the optimization of its practical deployment across diverse scientific and industrial scales.



3.1. Carotenoids


Lycopene has garnered escalating research interest due to its favorable health impacts and robust lipophilic antioxidant attributes within tomatoes [118]. Among its documented benefits are cardiovascular safeguarding [119], myocardial infarction risk mitigation [120], blood pressure reduction [121], prevention of LDL cholesterol oxidation [122], lowered susceptibility to prostate cancer [123], lung cancer [124], ovarian cancer [125], and breast cancer [126], and potential amelioration of neurodegenerative diseases like Alzheimer’s and Parkinson’s [127]. These health effects are primarily attributed to lycopene’s antioxidant properties [128].



NF presents several advantages, notably the retention of smaller particles compared to MF and UF. Arriola et al. [75] investigated NF for concentrating bioactive compounds in watermelon juice, highlighting lycopene’s pronounced rejection coefficient (0.99). This supports NF as an effective strategy for concentrating key bioactives in watermelon juice [75].



Luo [128] explored lycopene concentration via solvent-resistant NF membranes using Starmem 122, Starmem 240, and Duramem 300. Membrane efficacy was determined through rejection and permeation rates, supplemented by SEM and FTIR analyses pre- and post-NF. Notably, Starmem 240 demonstrated favorable lycopene concentration, achieving a twofold to threefold increase over the feed concentration. Although corrosion induced permeability decline, ultrasonic dipping in petroleum countered this challenge. Recycling permeate solvent brings economic and environmental gains, further supported by membrane stability post-permeation, as observed through SEM and FTIR [129]



Arana et al. [129] conducted a study on lycopene concentration and purification from tomatoes and tomato juice via membrane technology and solvent extraction. Five polymeric membranes were assessed with hexane lycopene extracts, indicating a potential five-step NF process to recover 90.2% of lycopene, resulting in a final retentate stream of over 157 mg/L lycopene and a recyclable permeate stream of 3.6 mg/L lycopene. Economic analysis affirmed the viability and efficacy of industrial lycopene recovery using membrane technology [130].



β-Carotene (BC), a lipophilic carotenoid prevalent in vegetables and fruits, holds provitamin A status due to its in vivo conversion to vitamin A. BC’s anticipated pharmacological actions encompass skin and mucous membrane maintenance and improved visual acuity [131]. Additionally, BC’s robust antioxidant activity aids in quenching excess in vivo reactive oxygen species, potentially preventing degenerative diseases such as cardiovascular diseases, diabetes, and specific cancers [132]. Consequently, BC finds application in pharmaceuticals, dietary supplements, and cosmetics, warranting attention to its recovery from foods and by-products.



The prospect of integrating supercritical CO2 extraction (SC-CO2) with NF stages for extracting and purifying low-molecular-weight compounds (up to 1500 g mol−1) has previously been advanced. The Commissariat à l’Énergie Atomique (CEA) has developed two NF tubular membranes fortified against supercritical conditions, primarily tailored for liquid filtration to segregate low-molecular-weight compounds (500 to 1000 g mol−1). The first membrane presents as a multilayer composite nanofilter, comprising a macroporous aluminum substrate, a mesoporous titanium oxide substrate, and an organic NafionA upper layer. The inorganic material provides mechanical stability to the composite NF membrane, while the organic polymer provides selectivity. The other membrane follows a strictly inorganic design, consisting of a macroporous alumina substrate coated with a titanium oxide layer synthesized via the sol–gel route. This titanium oxide coating enhances thermal and chemical resistance. Given its favorable physico-chemical properties and low critical point (7.38 MPa and 304.2 K), carbon dioxide emerges as the chosen supercritical fluid for extraction [62].



In the pursuit of refining β-carotene from either carrot oils or carrot seeds, Sarrade et al. [133] embarked on an investigation. This pigment, extensively utilized in the agro-food and cosmetic sectors, is notably sensitive to both temperature and oxidation, thereby engendering isolation challenges. The conjoint methodology yielded promising outcomes in terms of segregation and refinement. In the context of β-carotene purification from carrot oil, the employment of T membranes resulted in a 2.4-fold enhancement in pigment concentration within the permeate. In the treatment of carrot seeds, predominant purification was achieved through the CO2 stage, yet the employment of TN membranes yielded a 30% augmentation in the NF stage’s efficacy [133].



Palm oil emerges as a prolific repository of α- and β-carotene (400–3500 mg/kg), constituting more than 80% of the collective carotenoid content in palm oil [134]. Following Darnoko and Cheryan [113], palm oil harbors substantial carotenoids and tocopherols that can be extricated through their conversion to methyl esters, in conjunction with the utilization of membrane technology to sequester carotenoids from methyl esters. Multiple solvent-stable NF membranes were evaluated for this purpose. The permeation rate, tested with a model solution of crude palm oil methyl esters, ranged from 0.5 to 10 L/m2 h, with β-carotene retention spanning from 60% to 80%, achieved under a transmembrane pressure of 2.76 MPa at 40 °C. A multi-stage membrane process was proposed to generate concentrated palm carotenoid methyl esters continuously. With a feed rate of 10 tons/h of palm oil methyl esters containing 0.5 g/L of β-carotene, the process yielded 3611 L/h of a carotenoid concentrate, bearing 1.19 g/L of carotene, alongside 7500 L/h of bleached methyl esters, containing less than 0.1 g/L of β-carotene. Notably, Chiu et al. [7] further developed the concentration of carotenoids from crude palm oil via NF, managing to retain 75% of β-carotene. However, it is imperative to acknowledge that this process decreases the nutritional value of the edible oil for subsequent consumption.



Pequi (Caryocar brasilense Camb.), which is a traditional Brazilian fruit, boasts a wealth of polyphenols and carotenoids. The analysis by Machado et al. [114] encompassed both aqueous and alcoholic pequi extraction, evaluated at a bench scale, discerning the influence of temporal and thermal variations on the retrieval of polyphenols and carotenoids. Optimal extraction conditions, 25 °C over 1 h for the aqueous extract and 40 °C spanning 24 h for the alcoholic extract, were determined. A re-extraction of residues ensued, enhancing the compound retrieval from the fruit. The resultant extract, a fusion of the initial and subsequent extracts, underwent a concentration phase through NF, utilizing a stirred cell at 25 °C and 800 kPa pressure. In the realm of the alcoholic extract, the rejection of bioactive compounds was confined to approximately 10% for carotenoids and 15% for polyphenols. NF showed a robust efficiency in concentrating polyphenols and carotenoids within the aqueous extract, reflected by a retention coefficient of around 100% and 97%, respectively [74].



In search for the preservation of phenolic fractions and carotenoids, lyophilization can be used for this purpose, as inn the study published by Garcia-Martinez et al. [135], which evaluated the effect of lyophilization on the bioactive compounds of orange juice co-products. The study found that lyophilization can preserve the bioactive compounds of orange juice co-products, including carotenoids and phenolic compounds. Overall, lyophilization can be a useful technique for the preservation of phenolic fractions and carotenoids, However, lyophilization can also lead to the degradation of these bioactive compounds due to the high temperatures and pressures involved in the process. Therefore, it is important to optimize the lyophilization process to minimize the loss of these compounds.



Mussagy et al. [136] integrated a methodology for the recovery, refinement, and polishing of torularhodin, β-carotene, and fatty acids extracted from biomass samples of R. glutinis CCT-2186. Noteworthy is the discernible enhancement in recovery yields, particularly in dry biomass, consequent to a single freeze/thaw cycle pre-treatment. The integrated process, incorporating solid–liquid extraction (SLE) for cell disruption and subsequent liquid–liquid extraction (LLE) for separation and polishing, facilitates efficient and selective isolation of carotenoids from fatty acids. Moreover, the sustainable reutilization of biosolvents for up to three cycles underscores the cost-effectiveness and environmental viability of this approach.



Encapsulation emerges as an additional strategy poised to counteract the innate vulnerability of carotenoids to oxidation, thereby presenting a formidable challenge to their stability and, consequently, impeding their effective integration within the food industry. This methodology seeks to mitigate the exposure of carotenoids to deleterious oxidative agents, including elevated temperatures, atmospheric oxygen, acidic milieu, and catalytic metal ions. By encapsulating carotenoids within protective matrices, this approach effectively shields them from the detrimental effects of oxidation, thus preserving their functional attributes and enhancing their viability for diverse food applications. Among these techniques, microencapsulation, nanoencapsulation, and supercritical encapsulation have emerged as new solutions to these intricate issues. By entrapping carotenoids within protective matrices at the micro- or nano-scale, these methodologies impart heightened stability, enhanced solubility, precisely controlled release kinetics, and augmented bioavailability. Consequently, the transformative potential of encapsulation technologies propels an unprecedented expansion in the application of carotenoids for different food formulations [137]. Bazzarelli et al. [98] introduced an innovative process design for encapsulating polyphenols extracted from olive mill wastewaters, combining conventional NF with emerging membrane techniques such as osmotic distillation and membrane emulsification. Following the removal of suspended solids via an acidification/MF procedure, the MF permeate underwent NF treatment to partition water into the permeate while yielding a concentrated polyphenolic solution in the retentate. Remarkably, the MF process exhibited minimal rejection rates towards phenolic compounds, approximately 6.8%, ensuring their effective recovery within the permeate stream.



Nanoencapsulation technology presents the capacity to yield more stable products boasting superior absorption and bioavailability. Various carriers, including nanoemulsions, nanoliposomes, solid lipid nanoparticles, and nanostructured lipid carriers, facilitate the encapsulation of carotenoids [138], characterized by minimal phase segregation, preserved bioactive properties, improved absorption and bioavailability, limited interaction between bioactive compounds and other food components, and reduced impact on sensory attributes. Nanoencapsulation techniques encompass both top-down and bottom-up methods for nanoparticle production. Bottom-up techniques entail the self-organization and self-assembly of molecules through processes such as nanoprecipitation, coacervation, and inclusion complexation. Conversely, top-down techniques necessitate specialized equipment to diminish particle size and yield nanostructures. Techniques in this category comprise extrusion, homogenization, electrospinning/spraying, and emulsification–solvent evaporation processes [139,140].



Regarded as the predominant method for encapsulating carotenoids, microencapsulation is distinguished by its straightforward techniques and capacity to yield high-quality products, despite its tendency for diminished stability over time. This method enables the swift production of stable powders within a size range of 1 to 1000 μm, achieved at low cost and temperature. Microencapsulation facilitates the encapsulation of thermolabile compounds and stabilization of the encapsulated substance through the utilization of common carriers. These carriers encompass a variety of polysaccharides (e.g., maltodextrin, starch, chitosan, inulin, sodium alginate, carrageenan, pectin, carboxymethyl cellulose, and citrus fibers), gums (e.g., Arabic gum, Mesquite gum, Guar gum, and locust bean gum), and proteins (e.g., gluten, casein, gelatin, whey protein, soy protein, albumin, milk powder, and oligopeptides) [137,141,142].



Alternatively, green technologies, such as supercritical encapsulation, emerge as promising alternatives for micro- and nanoencapsulation, particularly for thermolabile compounds like carotenoids, without compromising sensory attributes, making them suitable for application in the food industry. Supercritical carbon dioxide (SC-CO2), renowned for its low critical point (Tc = 31.10 °C, Pc = 7.38 MPa), safety, low viscosity and reactivity, easy elimination, ability to inactivate microbes, relatively low cost, and better solubility of some lipophilic compounds, stands out as the most popular supercritical solvent utilized in the food and pharmaceutical industry [142,143].




3.2. Xanthopylls


Lutein along with its stereoisomer zeaxanthin are members of the fat-soluble xanthophylls, a subset of the carotenoid family. Alongside their isomeric counterpart meso-zeaxanthin, these xanthophylls constitute the primary constituents of macular pigment. Following ingestion, this compound becomes concentrated within the macula region of the retina, playing a pivotal role in fine-feature vision—an attribute distinguishing them from other natural carotenoids [144]. Notably, a decline in the macula and lens accumulated lutein and zeaxanthin has been associated with the onset of cataracts and age-related macular degeneration, both of which contribute to blindness [145].



Xanthophylls, also known as oxo-carotenoids, feature at least one oxygen atom within their structure. Lutein (β, ε-carotene-3,3′-diol) and zeaxanthin (β,β-carotene-3,3′-diol) stand as dihydroxy derivatives of α- and β-carotene, respectively, with hydroxyl groups adorning the 3 and 3′ positions of their ionone rings (Figure 4). This hydroxyl inclusion imparts a greater polarity to these compounds compared to standard carotenoids. The antioxidant efficacy of carotenoids is modulated by their conjugated double bond arrangement, which concurrently dictates their light absorption properties. While the double bonds within the rings of lutein and zeaxanthin exhibit partial conjugation, the nine C-C double bonds in their polyene backbone remain fully conjugated. Their respective maximum absorption wavelengths approximate 445 nm and 450 nm, with molar extinction coefficients (εmol) spanning from 140,000 to 145,000 cm−1 mol−1 [146]. This polarity and conjugated double bond structure endows them with notable free radical scavenging capabilities [147].



Various studies have indicated their potential in cancer prevention, including lung, colorectal, ovarian, and breast cancer, as well as coronary heart disease. Moreover, they have the capacity to absorb and attenuate blue light, a significant factor in retinal damage from excessive exposure [148,149]. It is unsurprising that these xanthophylls assume a pivotal role in sustaining optimal vision, concentrating within the macula and lens, both vulnerable to oxidative harm due to intense light exposure. However, despite their structural resemblance to α- and β-carotene, they lack provitamin A activity [148].



Lutein and zeaxanthin are abundant in numerous fruits and vegetables. While lutein is predominantly extracted from marigold flowers (Tagetes genus) in the global market, reliance on periodic flower harvesting has prompted exploration into alternative sources, including microorganisms like microalgae. Examples of microbial sources encompass Flavobacterium sp., Synechocystis sp., Spirulina, Chlorella fusca, and Chlorococcum citroforme [150,151]. Notably, microalgae are gaining attraction due to their elevated lutein and zeaxanthin content, coupled with a growth rate 5–10 times faster than higher plants [152].



According to Agricultural Research Service of the US Department of Agriculture [153], lutein and zeaxanthin are present in various foods. Green leafy vegetables, such as spinach or kale, are rich sources of these compounds, although their yellow-orange hue often remains concealed due to the abundance of chlorophyll [154]. Notably, the structures of lutein and zeaxanthin bear close resemblance, differing only in the double bond position within one ionone end ring [155]. Analytical quantification of these compounds within foods presents a challenge. Until recently, their quantification remained unfeasible due to analytical limitations, consequently leading to the presentation of combined lutein and zeaxanthin content in much of the literature [144]. In the broader context, valuable natural compounds tend to be present in minute quantities within their natural sources. Consequently, following the extraction process employing a suitable solvent, the resultant extract is highly diluted, necessitating subsequent stages of separation, concentration, and purification. Among these steps, purification emerges as the most intricate facet within the production of natural compounds. Consequently, there is an interest in developing separation and purification technologies that are selective, sustainable, and energy-efficient for high-value natural products [156]. Organic solvent NF stands as a novel technology that operates based on the molecular weight or size of solutes, falling within the range of 50 to 2000 g mol−1. This technology encompasses solvent recovery and exchange, facilitated through the application of a pressure gradient within the organic medium [157]. Notably, within the existing literature, only one study exists concerning the NF process applied to xanthophylls. Tsui and Chryan [158] were interested in the purification of xanthophylls, extracted from corn via 85% aqueous ethanol, utilizing organic solvent NF. Their investigation indicated the successful purification and concentration of the ethanolic xanthophyll extract through a series of filtration with UF and NF steps. Additionally, the DK membrane, boasting a molecular weight cutoff of 300 Da and manufactured by GE-Osmonics located in Minnetonka, MN, was found to perform better than the other membranes in terms of flux, rejection, and stability attributes.





4. Navigating Challenges in Bioactive Molecule Recovery


The recovery and purification of bioactive compounds strongly depend on the specific attributes of the target biomolecule and its final application. Diverse parameters, encompassing the compound’s intrinsic nature, localization, whether intracellular or extracellular, dimensions, configuration, charge, and solubility, among others, are determinants for the purification. Additionally, factors related to the desired degree of purity for the target compound and the preservation of its bioactivity must be considered [159].



Moreover, the incorporation of agro-industrial residues in bioactive compound recovery profoundly influences and the extraction and purification processes. Characteristics of the waste material, including particle size, solubility, viscosity, and resistance to degradation, may present impediments during extraction, cell disruption, and purification phases, thereby impacting the intricacy and number of subsequent purifications. Furthermore, the concurrent generation of multiple bioactive compounds within a singular medium emerges as a pivotal consideration, thereby complicating purification scheme formulation and exerting influence over associated costs and operational complexities [6].



The primary challenge with the utilization of NF is membrane fouling, where contaminants are accumulated on the membrane surface, impeding filtration efficiency. To address this, innovative strategies, such as membrane modification with fouling-resistant materials or surface alterations, can mitigate fouling effects and extend membrane lifespan [160,161]. Several studies have demonstrated the effectiveness of surface modification in improving fouling resistance. For instance, a study published by Cheng et al. [162] reported that hydrophilic membrane surface modification can mitigate irreversible foulant deposition, thereby improving fouling resistance. Similarly, Taghavian et al. [163] highlighted the role of membrane surface treatment in modifying anti-fouling resistivity, particularly in water treatment applications. Furthermore, a study by Choi et al. [164] evaluated the feasibility of modified membranes and examined the improvement in fouling resistance after surface modification. This study documents the effective application of air-stimulated surface polymerization of dopamine hydrochloride incorporated with zinc oxide nanoparticles (ZnO NPs) to mitigate the inherent hydrophobicity and limited anti-(bio)fouling resistance of polytetrafluoroethylene (PTFE) hollow fiber membranes (HFMs). Additionally, Ahmad et al. [165] provided an overview of various modification strategies for developing antifouling NF membranes, emphasizing the use of polydopamine (PDA) and antifouling modifiers (nanoparticle, polymer, and composite polymer/nanoparticle), as well as denoting the role of graphene-based nanoparticles, CQD, zwitterionic polymers, and dendrimers, as promising modifying agents able to impart fouling-resistant properties. In another study, Kim et al. [166] discussed the fouling-resistant surface modification of forward osmosis membranes using MoS2-Ag nanofillers. These findings collectively underscore the potential of membrane surface modification in enhancing fouling resistance and extending the lifespan of membranes in various applications, including water treatment and NF.



Implementing real-time monitoring systems to detect fouling events and employing automated cleaning protocols can help maintain membrane performance and prevent irreversible fouling. Regular cleaning intervals and the utilization of environmentally friendly cleaning agents further contribute to mitigating fouling effects without compromising membrane integrity, thereby ensuring operational efficacy [160]. Another significant concern lies in achieving precise separation and purification of target bioactive molecules in a complex matrix due to molecular similarities with other constituents. NF’s intrinsic selectivity may prove insufficient in achieving the desired separation, risking contamination or loss of valuable compounds. Process optimization emerges as a pivotal solution. Fine-tuning parameters, such as transmembrane pressure, feed flow rate, and pH, allows for the optimization of NF conditions, enhancing selectivity and efficiency. Furthermore, advances in membrane design and material selection offer tailored solutions to specific separation challenges, improving overall performance.



The scalability of NF for the separation of carotenoids is an area of ongoing research and development. Several studies have indicated the potential for scaling up NF processes for the enrichment and separation of carotenoids. For example, a study on the influence of NF membrane features on the enrichment of jussara extract, which contains carotenoids, mentioned the evaluation of the economic feasibility of scaling up the process [167]. Additionally, research on the separation of polyphenols and carotenoids using NF suggested that this technique has established a high separation efficiency for these compounds, indicating its potential for scalability. Furthermore, a study on the recovery of carotenoids from red palm methyl esters by NF discussed the economics of the process, indicating promising potential for scalability [167,168]. While the specific details of the scalability of NF are still evolving, these studies suggest a positive outlook for the scalability of NF processes for the enrichment and separation of carotenoids.



To some extent, navigating the challenges of membrane fouling, selective separation, and scalability in NF for the recovery and purification of bioactive molecules necessitates a multifaceted approach. Using innovative membrane design, process optimization, and strategic operational approaches ensures the emergence of NF as a powerful tool for efficient and sustainable separation processes in various industrial applications.




5. Conclusions and Future Perspectives


Today, within the context of escalating interest in natural compounds boasting remarkable biological activities, pressure-driven membrane-based technologies have emerged as highly effective means for the separation, isolation, and fractionation of bioactive components from food resources and their by-products. Among these techniques, NF membranes have garnered prominent recognition for their unparalleled ability to recover polyphenols and carotenoids from diverse food product categories. Indeed, membrane processes have garnered considerable attention as promising tools for processing fruit juices [169], representing a compelling alternative to conventional methodologies employed for the concentration of bioactive compounds. The appeal stems from their inherent advantages, including high recovery and/or removal efficacy, operation under mild conditions, absence of phase transitions, and minimal energy consumption. Notably, NF offers particularly advantageous opportunities, frequently linked to the preferential preservation of lower-sized particles relative to MF and UF techniques. Over the course of this extensive review, it can be said the latter technologies are needed to assist NF stages in the pretreatment of raw extracts with complex composition [170].



An advantage of the utilization of NF membranes for the concentration of bioactive compounds from food matrices lies in their innate capacity to separate molecules within the 100–1000 Da range. Preliminarily speaking, the adoption of NF processes is anticipated to become increasingly pervasive due to their several advantages. Even more interestingly, these processes are strongly used within the circular economic concepts due to their green aspects in the environment [171,172]. It is worth mentioning that NF also presents the ability to be integrated into other emerging selective extraction technologies, such as ultrasound-assisted pressurized liquid extraction, reporting a retention extraction over 89% [173].



Nonetheless, it behooves the scientific community to extend the advantages of NF while facing its constraints and applications to attain a more comprehensive understanding of its potentialities [174]. Finally, mostly commercial NF membranes have been investigated in recovering bioactive compounds from natural sources; however, there is a current interest in fabricating composite NF that may offer superior recovery efficiencies [175]. Mostly, the physicochemical properties of membranes are being improved by different scenarios, such as polymer blending [176], inorganic nanomaterial incorporation [177], and post-treatment modification [178]. By modifying the properties of membranes, enhanced separation performance can be obtained if the polymer or inorganic nanomaterials are suitably merged [179]. Therefore, the next generation of membranes for pressure-driven membrane processes will be a scope of study in the near future.







Funding


Financial support from Nobelium Joining Gdańsk Tech Research Community (contract number DEC 33/2022/IDUB/l.1; NOBELIUM nr 036236).




Data Availability Statement


Not applicable.




Conflicts of Interest


The author declares no conflicts of interest.




References


	



Castro-Muñoz, R.; Zamidi Ahmad, M.; Malankowska, M.; Coronas, J. A New Relevant Membrane Application: CO2 Direct Air Capture (DAC). Chem. Eng. J. 2022, 446, 137047. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R. A Critical Review on Electrospun Membranes Containing 2D Materials for Seawater Desalination. Desalination 2023, 555, 116528. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R.; Agrawal, K.V.; Lai, Z.; Coronas, J. Towards Large-Scale Application of Nanoporous Materials in Membranes for Separation of Energy-Relevant Gas Mixtures. Sep. Purif. Technol. 2023, 308, 122919. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R. Retention Profile on the Physicochemical Properties of Maize Cooking By-Product Using a Tight Ultrafiltration Membrane. Chem. Eng. Commun. 2019, 207, 887–895. [Google Scholar] [CrossRef]

	



Díaz-Montes, E.; Gutiérrez-Macías, P.; Orozco-Álvarez, C.; Castro-Muñoz, R. Fractionation of Stevia Rebaudiana Aqueous Extracts via Two-Step Ultrafiltration Process: Towards Rebaudioside a Extraction. Food Bioprod. Process. 2020, 123, 111–122. [Google Scholar] [CrossRef]

	



Cassano, A.; Conidi, C.; Ruby-Figueroa, R.; Castro-Muñoz, R. Nanofiltration and Tight Ultrafiltration Membranes for the Recovery of Polyphenols from Agro-Food by-Products. Int. J. Mol. Sci. 2018, 19, 351. [Google Scholar] [CrossRef]

	



Chiu, M.C.; de Morais Coutinho, C.; Gonçalves, L.A.G. Carotenoids Concentration of Palm Oil Using Membrane Technology. Desalination 2009, 245, 783–786. [Google Scholar] [CrossRef]

	



Conidi, C.; Castro-Muñoz, R.; Cassano, A. Membrane-Based Operations in the Fruit Juice Processing Industry: A Review. Beverages 2020, 6, 18. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R.; Díaz-Montes, E.; Cassano, A.; Gontarek, E. Membrane Separation Processes for the Extraction and Purification of Steviol Glycosides: An Overview. Crit. Rev. Food Sci. Nutr. 2020, 4, 2152–2174. [Google Scholar] [CrossRef]

	



Balasundram, N.; Sundram, K.; Samman, S. Phenolic Compounds in Plants and Agri-Industrial by-Products: Antioxidant Activity, Occurrence, and Potential Uses. Food Chem. 2006, 99, 191–203. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R.; Gontarek-Castro, E.; Jafari, S.M. Up-to-Date Strategies and Future Trends towards the Extraction and Purification of Capsaicin: A Comprehensive Review. Trends Food Sci. Technol. 2022, 123, 161–171. [Google Scholar] [CrossRef]

	



Garza-Cadena, C.; Ortega-Rivera, D.M.; Machorro-García, G.; Gonzalez-Zermeño, E.M.; Homma-Dueñas, D.; Plata-Gryl, M.; Castro-Muñoz, R. A Comprehensive Review on Ginger (Zingiber Officinale) as a Potential Source of Nutraceuticals for Food Formulations: Towards the Polishing of Gingerol and Other Present Biomolecules. Food Chem. 2023, 413, 135629. [Google Scholar] [CrossRef]

	



Shahidi, F.; Ambigaipalan, P. Phenolics and Polyphenolics in Foods, Beverages and Spices: Antioxidant Activity and Health Effects—A Review. J. Funct. Foods 2015, 18, 820–897. [Google Scholar] [CrossRef]

	



Díaz-Montes, E.; Castro-Muñoz, R. Analyzing the Phenolic Enriched Fractions from Nixtamalization Wastewater (Nejayote) Fractionated in a Three-Step Membrane Process. Curr. Res. Food Sci. 2022, 5, 1–10. [Google Scholar] [CrossRef]

	



Tan, J.; Han, Y.; Han, B.; Qi, X.; Cai, X.; Ge, S.; Xue, H. Extraction and Purification of Anthocyanins: A Review. J. Agric. Food Res. 2022, 8, 100306. [Google Scholar] [CrossRef]

	



Domínguez-Avila, J.A.; Wall-Medrano, A.; Velderrain-Rodríguez, G.R.; Chen, C.Y.O.; Salazar-López, N.J.; Robles-Sánchez, M.; González-Aguilar, G.A. Gastrointestinal Interactions, Absorption, Splanchnic Metabolism and Pharmacokinetics of Orally Ingested Phenolic Compounds. Food Funct. 2017, 8, 15–38. [Google Scholar] [CrossRef]

	



Azmir, J.; Zaidul, I.S.M.; Rahman, M.M.; Sharif, K.M.; Mohamed, A.; Sahena, F.; Jahurul, M.H.A.; Ghafoor, K.; Norulaini, N.A.N.; Omar, A.K.M. Techniques for Extraction of Bioactive Compounds from Plant Materials: A Review. J. Food Eng. 2013, 117, 426–436. [Google Scholar] [CrossRef]

	



Santamaría, B.; Salazar, G.; Beltrán, S.; Cabezas, J.L. Membrane Sequences for Fractionation of Polyphenolic Extracts from Defatted Milled Grape Seeds. Desalination 2002, 148, 103–109. [Google Scholar] [CrossRef]

	



Díaz-Reinoso, B.; Moure, A.; Domínguez, H.; Parajó, J.C. Ultra- and Nanofiltration of Aqueous Extracts from Distilled Fermented Grape Pomace. J. Food Eng. 2009, 91, 587–593. [Google Scholar] [CrossRef]

	



Giacobbo, A.; Bernardes, A.M.; de Pinho, M.N. Nanofiltration for the Recovery of Low Molecular Weight Polysaccharides and Polyphenols from Winery Effluents. Sep. Sci. Technol. 2013, 48, 2524–2530. [Google Scholar] [CrossRef]

	



Giacobbo, A.; Bernardes, A.M.; de Pinho, M.N. Sequential Pressure-Driven Membrane Operations to Recover and Fractionate Polyphenols and Polysaccharides from Second Racking Wine Lees. Sep. Purif. Technol. 2017, 173, 49–54. [Google Scholar] [CrossRef]

	



Kontogiannopoulos, K.N.; Patsios, S.I.; Mitrouli, S.T.; Karabelas, A.J. Tartaric Acid and Polyphenols Recovery from Winery Waste Lees Using Membrane Separation Processes. J. Chem. Technol. Biotechnol. 2017, 92, 2934–2943. [Google Scholar] [CrossRef]

	



Giacobbo, A.; Bernardes, A.M.; Rosa, M.J.F.; De Pinho, M.N. Concentration Polarization in Ultrafiltration/Nanofiltration for the Recovery of Polyphenols from Winery Wastewaters. Membranes 2018, 8, 46. [Google Scholar] [CrossRef] [PubMed]

	



Saini, R.K.; Keum, Y.-S. Carotenoid Extraction Methods: A Review of Recent Developments. Food Chem. 2018, 240, 90–103. [Google Scholar] [CrossRef]

	



Ricarte, G.N.; Coelho, M.A.Z.; Marrucho, I.M.; Ribeiro, B.D. Enzyme-Assisted Extraction of Carotenoids and Phenolic Compounds from Sunflower Wastes Using Green Solvents. 3 Biotech 2020, 10, 405. [Google Scholar] [CrossRef]

	



Viñas-Ospino, A.; López-Malo, D.; Esteve, M.J.; Frígola, A.; Blesa, J. Green Solvents: Emerging Alternatives for Carotenoid Extraction from Fruit and Vegetable By-Products. Foods 2023, 12, 863. [Google Scholar] [CrossRef]

	



Wang, Z.; Mei, X.; Chen, X.; Rao, S.; Ju, T.; Li, J.; Yang, Z. Extraction and Recovery of Bioactive Soluble Phenolic Compounds from Brocade Orange (Citrus sinensis) Peels: Effect of Different Extraction Methods Thereon. LWT 2023, 173, 114337. [Google Scholar] [CrossRef]

	



Garcia-Salas, P.; Morales-Soto, A.; Segura-Carretero, A.; Fernández-Gutiérrez, A. Phenolic-Compound-Extraction Systems for Fruit and Vegetable Samples. Molecules 2010, 15, 8813–8826. [Google Scholar] [CrossRef] [PubMed]

	



Cassano, A.; Conidi, C.; Giorno, L.; Drioli, E. Fractionation of Olive Mill Wastewaters by Membrane Separation Techniques. J. Hazard. Mater. 2013, 248–249, 185–193. [Google Scholar] [CrossRef]

	



Baghoth, S.A.; Sharma, S.K.; Amy, G.L. Tracking Natural Organic Matter (NOM) in a Drinking Water Treatment Plant Using Fluorescence Excitation-Emission Matrices and PARAFAC. Water Res. 2011, 45, 797–809. [Google Scholar] [CrossRef]

	



Fernández, J.F.; Jastorff, B.; Störmann, R.; Stolte, S.; Thöming, J. Thinking in Terms of Structure-Activity-Relationships (T-SAR): A Tool to Better Understand Nanofiltration Membranes. Membranes 2011, 1, 162–183. [Google Scholar] [CrossRef]

	



Butnariu, M. Methods of Analysis (Extraction, Separation, Identification and Quantification) of Carotenoids from Natural Products. J. Ecosyst. Ecography 2016, 6, 1000193. [Google Scholar] [CrossRef]

	



Ribeiro, D.; Freitas, M.; Silva, A.M.S.; Carvalho, F.; Fernandes, E. Antioxidant and Pro-Oxidant Activities of Carotenoids and Their Oxidation Products. Food Chem. Toxicol. 2018, 120, 681–699. [Google Scholar] [CrossRef]

	



Galanakis, C.M. Separation of Functional Macromolecules and Micromolecules: From Ultrafiltration to the Border of Nanofiltration. Trends Food Sci. Technol. 2015, 42, 44–63. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R.; Serna-Vázquez, J.; García-Depraect, O. Current evidence in high throughput ultrafiltration toward the purification of monoclonal antibodies (mAbs) and biotechnological protein-type molecules. Crit. Rev. Biotechnol. 2022, 42, 827–837. [Google Scholar] [CrossRef]

	



Mérian, T.; Goddard, J.M. Advances in Nonfouling Materials: Perspectives for the Food Industry. J. Agric. Food Chem. 2012, 60, 2943–2957. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R.; González-Melgoza, L.L.; García-Depraect, O. Ongoing progress on novel nanocomposite membranes for the separation of heavy metals from contaminated water. Chemosphere 2021, 270, 129421. [Google Scholar] [CrossRef]

	



Saha, N.K.; Balakrishnan, M.; Ulbricht, M. Fouling Control in Sugarcane Juice Ultrafiltration with Surface Modified Polysulfone and Polyethersulfone Membranes. Desalination 2009, 249, 1124–1131. [Google Scholar] [CrossRef]

	



Galanakis, C.M.; Tornbergb, E.; Gekasc, V. Recovery and Preservation of Phenols from Olive Waste in Ethanolic Extracts. J. Chem. Technol. Biotechnol. 2010, 85, 1148–1155. [Google Scholar] [CrossRef]

	



Cassano, A.; Donato, L.; Conidi, C.; Drioli, E. Recovery of Bioactive Compounds in Kiwifruit Juice by Ultrafiltration. Innov. Food Sci. Emerg. Technol. 2008, 9, 556–562. [Google Scholar] [CrossRef]

	



Crespo, J.; Brazinha, C. Membrane Processing: Natural Antioxidants from Winemaking by-Products. Filtr. Sep. 2010, 47, 32–35. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R.; Yáñez-Fernández, J.; Fíla, V. Phenolic Compounds Recovered from Agro-Food by-Products Using Membrane Technologies: An Overview. Food Chem. 2016, 213, 753–762. [Google Scholar] [CrossRef]

	



Bravo, L.; Abia, R.; Saura-Calixto, F. Polyphenols as dietary fiber associated compounds. Comparative study on in vivo and in vitro properties. J. Agric. Food Chem. 1994, 42, 1481–1487. [Google Scholar] [CrossRef]

	



Cassano, A.; Figoli, A.; Tagarelli, A.; Sindona, G.; Drioli, E. Integrated Membrane Process for the Production of Highly Nutritional Kiwifruit Juice. Desalination 2006, 189, 21–30. [Google Scholar] [CrossRef]

	



Vatanpour, V.; Yuksekdag, A.; Ağtaş, M.; Mehrabi, M.; Salehi, E.; Castro-Muñoz, R.; Koyuncu, I. Zeolitic Imidazolate Framework (ZIF-8) Modified Cellulose Acetate NF Membranes for Potential Water Treatment Application. Carbohydr. Polym. 2023, 299, 120230. [Google Scholar] [CrossRef]

	



Cassano, A.; Marchio, M.; Drioli, E. Clarification of Blood Orange Juice by Ultrafiltration: Analyses of Operating Parameters, Membrane Fouling and Juice Quality. Desalination 2007, 212, 15–27. [Google Scholar] [CrossRef]

	



Astudillo-Castro, C.L. Limiting Flux and Critical Transmembrane Pressure Determination Using an Exponential Model: The Effect of Concentration Factor, Temperature, and Cross-Flow Velocity during Casein Micelle Concentration by Microfiltration. Ind. Eng. Chem. Res. 2015, 54, 414–425. [Google Scholar] [CrossRef]

	



Todisco, S.; Tallarico, P.; Gupta, B.B. Mass Transfer and Polyphenols Retention in the Clarification of Black Tea with Ceramic Membranes. Innov. Food Sci. Emerg. Technol. 2002, 3, 255–262. [Google Scholar] [CrossRef]

	



Conidi, C.; Rodriguez-Lopez, A.D.; Garcia-Castello, E.M.; Cassano, A. Purification of Artichoke Polyphenols by Using Membrane Filtration and Polymeric Resins. Sep. Purif. Technol. 2015, 144, 153–161. [Google Scholar] [CrossRef]

	



Escobar, I.C.; Van Der Bruggen, B. Microfiltration and Ultrafiltration Membrane Science and Technology. J. Appl. Polym. Sci. 2015, 132, e42002. [Google Scholar] [CrossRef]

	



Zhu, C.Q.; Chen, J.B.; Zhao, C.N.; Liu, X.J.; Chen, Y.Y.; Liang, J.J.; Cao, J.P.; Wang, Y.; Sun, C. De Advances in Extraction and Purification of Citrus Flavonoids. Food Front. 2023, 4, 750–781. [Google Scholar] [CrossRef]

	



Beres, C.; Costa, G.N.S.; Cabezudo, I.; da Silva-James, N.K.; Teles, A.S.C.; Cruz, A.P.G.; Mellinger-Silva, C.; Tonon, R.V.; Cabral, L.M.C.; Freitas, S.P. Towards Integral Utilization of Grape Pomace from Winemaking Process: A Review. Waste Manag. 2017, 68, 581–594. [Google Scholar] [CrossRef]

	



de la Cerda-Carrasco, A.; López-Solís, R.; Nuñez-Kalasic, H.; Peña-Neira, Á.; Obreque-Slier, E. Phenolic Composition and Antioxidant Capacity of Pomaces from Four Grape Varieties (Vitis vinifera L.). J. Sci. Food Agric. 2015, 95, 1521–1527. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, I.; Pérez-Gregorio, R.; Soares, S.; Mateus, N.; De Freitas, V. Wine Flavonoids in Health and Disease Prevention. Molecules 2017, 22, 292. [Google Scholar] [CrossRef] [PubMed]

	



Giacobbo, A.; Pasqualotto, I.F.; Machado Filho, R.C.d.C.; Minhalma, M.; Bernardes, A.M.; Pinho, M.N.d. Ultrafiltration and Nanofiltration for the Removal of Pharmaceutically Active Compounds from Water: The Effect of Operating Pressure on Electrostatic Solute—Membrane Interactions. Membranes 2023, 13, 743. [Google Scholar] [CrossRef] [PubMed]

	



Filippou, P.; Mitrouli, S.T.; Vareltzis, P. Sequential Membrane Filtration to Recover Polyphenols and Organic Acids from Red Wine Lees: The Antioxidant Properties of the Spray-Dried Concentrate. Membranes 2022, 12, 353. [Google Scholar] [CrossRef] [PubMed]

	



Giacobbo, A.; Bernardes, A.M. Membrane Separation Process in Wastewater and Water Purification. Membranes 2022, 12, 259. [Google Scholar] [CrossRef] [PubMed]

	



Kontogiannopoulos, K.N.; Patsios, S.I.; Mitrouli, S.T.; Karabelas, A.J. Tartaric acid recovery from winery lees using cation exchange resin: Optimization by Response Surface Methodology. Sep. Purif. Technol. 2016, 165, 32–41. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R. Membranes–Future for Sustainable Gas and Liquid Separation? Curr. Res. Green Sustain. Chem. 2022, 5, 100326. [Google Scholar] [CrossRef]

	



Yammine, S.; Rabagliato, R.; Vitrac, X.; Mietton-Peuchot, M.; Ghidossi, R. The Use of Nanofiltration membranes for the Fractionation of Polyphenols from Grape Pomace Extracts. Oeno One 2019, 52, 291–306. [Google Scholar] [CrossRef]

	



Pichardo-Romero, D.; Garcia-Arce, Z.P.; Zavala-Ramírez, A.; Castro-Muñoz, R. Current advances in biofouling mitigation in membranes for water treatment: An overview. Processes 2020, 8, 182. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R.; Yanez-Fernandez, J. Valorization of Nixtamalization wastewaters (Nejayote) by integrated membrane process. Food Bioprod. Process. 2015, 95, 7–18. [Google Scholar] [CrossRef]

	



Conidi, C.; Cassano, A.; Drioli, E. A Membrane-Based Study for the Recovery of Polyphenols from Bergamot Juice. J. Membr. Sci. 2011, 375, 182–190. [Google Scholar] [CrossRef]

	



Chethan, S.; Malleshi, N.G. Finger Millet Polyphenols: Optimization of Extraction and the Effect of PH on Their Stability. Food Chem. 2007, 105, 862–870. [Google Scholar] [CrossRef]

	



Cassano, A.; Conidi, C.; Ruby-Figueroa, R. Recovery of Flavonoids from Orange Press Liquor by an Integrated Membrane Process. Membranes 2014, 4, 509–524. [Google Scholar] [CrossRef]

	



Wu, T.; Grootaert, C.; Voorspoels, S.; Jacobs, G.; Pitart, J.; Kamiloglu, S.; Possemiers, S.; Heinonen, M.; Kardum, N.; Glibetic, M.; et al. Aronia (Aronia Melanocarpa) Phenolics Bioavailability in a Combined in Vitro Digestion/Caco-2 Cell Model Is Structure and Colon Region Dependent. J. Funct. Foods 2017, 38, 128–139. [Google Scholar] [CrossRef]

	



Gilewicz-Łukasik, B.; Koter, S.; Kurzawa, J. Concentration of Anthocyanins by the Membrane Filtration. Sep. Purif. Technol. 2007, 57, 418–424. [Google Scholar] [CrossRef]

	



Arend, G.D.; Adorno, W.T.; Rezzadori, K.; Di Luccio, M.; Chaves, V.C.; Reginatto, F.H.; Petrus, J.C.C. Concentration of Phenolic Compounds from Strawberry (Fragaria X Ananassa Duch) Juice by Nanofiltration Membrane. J. Food Eng. 2017, 201, 36–41. [Google Scholar] [CrossRef]

	



Avram, A.M.; Morin, P.; Brownmiller, C.; Howard, L.R.; Sengupta, A.; Wickramasinghe, R. Concentrations of polyphenols from blueberry pomace extract using nanofiltration. Food Bioprod. Process. 2017, 106, 91–101. [Google Scholar] [CrossRef]

	



Tundis, R.; Loizzo, M.R.; Bonesi, M.; Sicari, V.; Ursino, C.; Manfredi, I.; Conidi, C.; Figoli, A.; Cassano, A. Concentration of Bioactive Compounds from Elderberry (Sambucus nigra L.) Juice by Nanofiltration Membranes. Plant Foods Human Nutr. 2018, 73, 336–343. [Google Scholar] [CrossRef]

	



Conidi, C.; Cassano, A.; Caiazzo, F.; Drioli, E. Separation and Purification of Phenolic Compounds from Pomegranate Juice by Ultrafiltration and Nanofiltration Membranes. J. Food Eng. 2017, 195, 1–13. [Google Scholar] [CrossRef]

	



Papaioannou, E.H.; Mitrouli, S.T.; Patsios, S.I.; Kazakli, M.; Karabelas, A.J. Valorization of Pomegranate Husk-Integration of Extraction with Nanofiltration for Concentrated Polyphenols Recovery. J. Environ. Chem. Eng. 2020, 8, 103951. [Google Scholar] [CrossRef]

	



Machado, M.T.C.; Mello, B.C.B.S.; Hubinger, M.D. Study of Alcoholic and Aqueous Extraction of Pequi (Caryocar brasiliense Camb.) Natural Antioxidants and Extracts Concentration by Nanofiltration. J. Food Eng. 2013, 117, 450–457. [Google Scholar] [CrossRef]

	



Arriola, N.A.; dos Santos, G.D.; Prudêncio, E.S.; Vitali, L.; Petrus, J.C.C.; Castanho Amboni, R.D.M. Potential of Nanofiltration for the Concentration of Bioactive Compounds from Watermelon Juice. Int. J. Food Sci. Technol. 2014, 49, 2052–2060. [Google Scholar] [CrossRef]

	



Balyan, U.; Sarkar, B. Integrated Membrane Process for Purification and Concentration of Aqueous Syzygium cumini (L.) Seed Extract. Food Bioprod. Process. 2016, 98, 29–43. [Google Scholar] [CrossRef]

	



Uyttebroek, M.; Vandezande, P.; Van Dael, M.; Vloemans, S.; Noten, B.; Bongers, B.; Porto-Carrero, W.; Muñiz Unamunzaga, M.; Bulut, M.; Lemmens, B. Concentration of Phenolic Compounds from Apple Pomace Extracts by Nanofiltration at Lab and Pilot Scale with a Techno-Economic Assessment. J. Food Process Eng. 2018, 41, 12629. [Google Scholar] [CrossRef]

	



Vieira, G.S.; Moreira, F.K.V.; Matsumoto, R.L.S.; Michelon, M.; Filho, F.M.; Hubinger, M.D. Influence of Nanofiltration Membrane Features on Enrichment of Jussara Ethanolic Extract (Euterpe edulis) in Anthocyanins. J. Food Eng. 2018, 226, 31–41. [Google Scholar] [CrossRef]

	



Siddiqui, S.A.; Bahmid, N.A.; Taha, A.; Khalifa, I.; Khan, S.; Rostamabadi, H.; Jafari, S.M. Recent Advances in Food Applications of Phenolic-Loaded Micro/Nanodelivery Systems. Crit. Rev. Food Sci. Nutr. 2022, 63, 8939–8959. [Google Scholar] [CrossRef] [PubMed]

	



Castro-Muñoz, R.; Barragán-Huerta, B.E.; Yáñez-Fernández, J. The Use of Nixtamalization Waste Waters Clarified by Ultrafiltration for Production of a Fraction Rich in Phenolic Compounds. Waste Biomass Valorization 2016, 7, 1167–1176. [Google Scholar] [CrossRef]

	



Conidi, C.; Cassano, A.; Garcia-Castello, E. Valorization of Artichoke Wastewaters by Integrated Membrane Process. Water Res. 2014, 48, 363–374. [Google Scholar] [CrossRef] [PubMed]

	



Conidi, C.; Cassano, A. Recovery of Phenolic Compounds from Bergamot Juice by Nanofiltration Membranes. Desalination Water Treat. 2015, 56, 3510–3518. [Google Scholar] [CrossRef]

	



Cassano, A.; Conidi, C.; Figueroa, R.R.; Muñoz, R.C. A Two-Step Nanofiltration Process for the Production of Phenolic-Rich Fractions from Artichoke Aqueous Extracts. Int. J. Mol. Sci. 2015, 16, 8968–8987. [Google Scholar] [CrossRef] [PubMed]

	



Cassano, A.; Cabri, W.; Mombelli, G.; Peterlongo, F.; Giorno, L. Recovery of Bioactive Compounds from Artichoke Brines by Nanofiltration. Food Bioprod. Process. 2016, 98, 257–265. [Google Scholar] [CrossRef]

	



Rabelo, R.S.; MacHado, M.T.C.; Martínez, J.; Hubinger, M.D. Ultrasound Assisted Extraction and Nanofiltration of Phenolic Compounds from Artichoke Solid Wastes. J. Food Eng. 2016, 178, 170–180. [Google Scholar] [CrossRef]

	



Negrão Murakami, A.N.; De Mello Castanho Amboni, R.D.; Prudêncio, E.S.; Amante, E.R.; de Moraes Zanotta, L.; Maraschin, M.; Cunha Petrus, J.C.; Teófilo, R.F. Concentration of Phenolic Compounds in Aqueous Mate (Ilex paraguariensis A. St. Hil) Extract through Nanofiltration. LWT 2011, 44, 2211–2216. [Google Scholar] [CrossRef]

	



Prudêncio, A.P.A.; Prudêncio, E.S.; Amboni, R.D.M.C.; Murakami, A.N.N.; Maraschin, M.; Petrus, J.C.C.; Ogliari, P.J.; Leite, R.S. Phenolic Composition and Antioxidant Activity of the Aqueous Extract of Bark from Residues from Mate Tree (Ilex paraguariensis St. Hil.) Bark Harvesting Concentrated by Nanofiltration. Food Bioprod. Process. 2012, 90, 399–405. [Google Scholar] [CrossRef]

	



Cissé, M.; Vaillant, F.; Pallet, D.; Dornier, M. Selecting Ultrafiltration and Nanofiltration Membranes to Concentrate Anthocyanins from Roselle Extract (Hibiscus sabdariffa L.). Food Res. Int. 2011, 44, 2607–2614. [Google Scholar] [CrossRef]

	



Tylkowski, B.; Tsibranska, I.; Kochanov, R.; Peev, G.; Giamberini, M. Concentration of Biologically Active Compounds Extracted from Sideritis ssp. L. by Nanofiltration. Food Bioprod. Process. 2011, 89, 307–314. [Google Scholar] [CrossRef]

	



Pinto, P.C.R.; Mota, I.F.; Loureiro, J.M.; Rodrigues, A.E. Membrane Performance and Application of Ultrafiltration and Nanofiltration to Ethanol/Water Extract of Eucalyptus Bark. Sep. Purif. Technol. 2014, 132, 234–243. [Google Scholar] [CrossRef]

	



Sarmento, L.A.V.; Machado, R.A.F.; Petrus, J.C.C.; Tamanini, T.R.; Bolzan, A. Extraction of Polyphenols from Cocoa Seeds and Concentration through Polymeric Membranes. J. Supercrit. Fluids 2008, 45, 64–69. [Google Scholar] [CrossRef]

	



Mello, B.C.B.S.; Petrus, J.C.C.; Hubinger, M.D. Concentration of Flavonoids and Phenolic Compounds in Aqueous and Ethanolic Propolis Extracts through Nanofiltration. J. Food Eng. 2010, 96, 533–539. [Google Scholar] [CrossRef]

	



Tylkowski, B.; Trusheva, B.; Bankova, V.; Giamberini, M.; Peev, G.; Nikolova, A. Extraction of Biologically Active Compounds from Propolis and Concentration of Extract by Nanofiltration. J. Memb. Sci. 2010, 348, 124–130. [Google Scholar] [CrossRef]

	



Tsibranska, H.; Peev, G.A.; Tylkowski, B. Fractionation of Biologically Active Compounds Extracted from Propolis by Nanofiltration. J. Membr. Sci. Technol. 2011, 1, 1000109. [Google Scholar] [CrossRef]

	



Sánchez-Arévalo, C.M.; Jimeno-Jiménez, Á.; Carbonell-Alcaina, C.; Vincent-Vela, M.C.; Álvarez-Blanco, S. Effect of the Operating Conditions on a Nanofiltration Process to Separate Low-Molecular-Weight Phenolic Compounds from the Sugars Present in Olive Mill Wastewaters. Process Saf. Environ. Prot. 2021, 148, 428–436. [Google Scholar] [CrossRef]

	



Garcia-Castello, E.; Cassano, A.; Criscuoli, A.; Conidi, C.; Drioli, E. Recovery and Concentration of Polyphenols from Olive Mill Wastewaters by Integrated Membrane System. Water Res. 2010, 44, 3883–3892. [Google Scholar] [CrossRef] [PubMed]

	



Dammak, I.; Nakajima, M.; Sayadi, S.; Isoda, H. Integrated Membrane Process for the Recovery of Polyphenols from Olive Mill Water. J. Arid. Land Stud. 2015, 25, 85–88. [Google Scholar]

	



Bazzarelli, F.; Piacentini, E.; Poerio, T.; Mazzei, R.; Cassano, A.; Giorno, L. Advances in Membrane Operations for Water Purification and Biophenols Recovery/Valorization from OMWWs. J. Memb. Sci. 2016, 497, 402–409. [Google Scholar] [CrossRef]

	



Jahangiri, N.M.; Rahimpour, A.; Nemati, S.; Alimohammady, M. Recovery of polyphenols from olive mill wastewater. Cellul. Chem. Technol. 2016, 50, 961–966. [Google Scholar]

	



Khemakhem, I.; Gargouri, O.D.; Dhouib, A.; Ayadi, M.A.; Bouaziz, M. Oleuropein Rich Extract from Olive Leaves by Combining Microfiltration, Ultrafiltration and Nanofiltration. Sep. Purif. Technol. 2017, 172, 310–317. [Google Scholar] [CrossRef]

	



Conidi, C.; Egea-Corbacho, A.; Cassano, A. A Combination of Aqueous Extraction and Polymeric Membranes as a Sustainable Process for the Recovery of Polyphenols from Olive Mill Solid Wastes. Polymers 2019, 11, 1868. [Google Scholar] [CrossRef]

	



Cai, M.; Hou, W.; Lv, Y.; Sun, P. Behavior and Rejection Mechanisms of Fruit Juice Phenolic Compounds in Model Solution during Nanofiltration. J. Food Eng. 2017, 195, 97–104. [Google Scholar] [CrossRef]

	



de Santana Magalhães, F.; de Souza Martins Sá, M.; Luiz Cardoso, V.; Hespanhol Miranda Reis, M. Recovery of Phenolic Compounds from Pequi (Caryocar brasiliense Camb.) Fruit Extract by Membrane Filtrations: Comparison of Direct and Sequential Processes. J. Food Eng. 2019, 257, 26–33. [Google Scholar] [CrossRef]

	



Peshev, D.; Peeva, L.G.; Peev, G.; Baptista, I.I.R.; Boam, A.T. Application of Organic Solvent Nanofiltration for Concentration of Antioxidant Extracts of Rosemary (Rosmarinus officiallis L.). Chem. Eng. Res. Des. 2011, 89, 318–327. [Google Scholar] [CrossRef]

	



Achour, S.; Khelifi, E.; Attia, Y.; Ferjani, E.; Noureddine Hellal, A. Concentration of Antioxidant Polyphenols from Thymus Capitatus Extracts by Membrane Process Technology. J. Food Sci. 2012, 77, C703–C709. [Google Scholar] [CrossRef] [PubMed]

	



Ambrósio, C.L.B.; Campos, F.A.C.; Faro, Z.P.D. Carotenóides Como Alternativa Contra a Hipovitaminose A. Rev. Nutr. 2006, 19, 233–243. [Google Scholar] [CrossRef]

	



Rodriguez-Amaya, D.B. A Guide to Carotenoid Analysis in Foods; ILSI Press: Washington, DC, USA, 2001. [Google Scholar]

	



Chuang, M.H.; Brunner, G. Concentration of Minor Components in Crude Palm Oil. J. Supercrit. Fluids 2006, 37, 151–156. [Google Scholar] [CrossRef]

	



Barison, Y. Bailey’s Industrial Oil Fat Products. In Palm Oil; John Wiley & Sons: Hoboken, NJ, USA, 1996. [Google Scholar]

	



Mortensen, A. Carotenoids and Other Pigments as Natural Colorants. Pure Appl. Chem. 2006, 78, 1477–1491. [Google Scholar] [CrossRef]

	



Gordon, H.T.; Bauernfeind, J.C.; Furia, T.E. Carotenoids as food colorants. Crit. Rev. Food Sci. Nutr. 1983, 18, 59–97. [Google Scholar] [CrossRef]

	



Rodriguez-Amaya, D.B.; Kimura, M. HarvestPlus Handbook for Carotenoid Analysis; International Food Policy Research Institute: Washington, DC, USA, 2004. [Google Scholar]

	



Darnoko, D.; Cheryan, M. Carotenoids from Red Palm Methyl Esters by Nanofiltration. J. Am. Oil Chem. Soc. 2006, 83, 365–370. [Google Scholar] [CrossRef]

	



Castro-Muñoz, R.; Barragán-Huerta, B.E.; Fíla, V.; Denis, P.C.; Ruby-Figueroa, R. Current Role of Membrane Technology: From the Treatment of Agro-Industrial by-Products up to the Valorization of Valuable Compounds. Waste Biomass Valorization 2017, 9, 513–529. [Google Scholar] [CrossRef]

	



Russo, F.; Castro-Munoz, R.; Galiano, F.; Figoli, A. Unprecedented preparation of porous Matrimid® 5218 membranes. J. Membr. Sci. 2019, 585, 166–174. [Google Scholar] [CrossRef]

	



Dushkova, M.; Mihalev, K.; Dinchev, A.; Vasilev, K.; Georgiev, D.; Terziyska, M. Concentration of Polyphenolic Antioxidants in Apple Juice and Extract Using Ultrafiltration. Membranes 2022, 12, 1032. [Google Scholar] [CrossRef]

	



Ferreyra-Suarez, D.; Paredes-Vargas, L.; Jafari, S.; García-Depraect, O. Strategies and extraction pathways towards carminic acid as natural-based food colorant: A comprehensive review. Adv. Colloid Interface Sci. 2024, 323, 103052. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Wu, X.; Zhuang, W.; Xia, L.; Chen, Y.; Wu, C.; Rao, Z.; Du, L.; Zhao, R.; Yi, M.; et al. Tomato and Lycopene and Multiple Health Outcomes: Umbrella Review. Food Chem. 2021, 343, 128396. [Google Scholar] [CrossRef] [PubMed]

	



Costa-Rodrigues, J.; Pinho, O.; Monteiro, P.R.R. Can Lycopene Be Considered an Effective Protection against Cardiovascular Disease? Food Chem. 2018, 245, 1148–1153. [Google Scholar] [CrossRef]

	



Pereira, B.L.B.; Reis, P.P.; Severino, F.E.; Felix, T.F.; Braz, M.G.; Nogueira, F.R.; Silva, R.A.C.; Cardoso, A.C.; Lourenço, M.A.M.; Figueiredo, A.M.; et al. Tomato (Lycopersicon esculentum) or Lycopene Supplementation Attenuates Ventricular Remodeling after Myocardial Infarction through Different Mechanistic Pathways. J. Nutr. Biochem. 2017, 46, 117–124. [Google Scholar] [CrossRef] [PubMed]

	



Wolak, T.; Sharoni, Y.; Levy, J.; Linnewiel-Hermoni, K.; Stepensky, D.; Paran, E. Effect of Tomato Nutrient Complex on Blood Pressure: A Double Blind, Randomized Dose–Response Study. Nutrients 2019, 11, 950. [Google Scholar] [CrossRef]

	



Wang, J.; Geng, T.; Zou, Q.; Yang, N.; Zhao, W.; Li, Y.; Tan, X.; Yuan, T.; Liu, X.; Liu, Z. Lycopene Prevents Lipid Accumulation in Hepatocytes by Stimulating PPARα and Improving Mitochondrial Function. J. Funct. Foods 2020, 67, 103857. [Google Scholar] [CrossRef]

	



Rowles, J.L.; Ranard, K.M.; Smith, J.W.; An, R.; Erdman, J.W. Increased Dietary and Circulating Lycopene Are Associated with Reduced Prostate Cancer Risk: A Systematic Review and Meta-Analysis. Prostate Cancer Prostatic Dis. 2017, 20, 361–377. [Google Scholar] [CrossRef]

	



Cheng, J.; Miller, B.; Balbuena, E.; Eroglu, A. Lycopene Protects against Smoking-Induced Lung Cancer by Inducing Base Excision Repair. Antioxidants 2020, 9, 643. [Google Scholar] [CrossRef]

	



Sahin, K.; Yenice, E.; Tuzcu, M.; Orhan, C.; Mizrak, C.; Ozercan, I.H.; Sahin, N.; Yilmaz, B.; Bilir, B.; Ozpolat, B.; et al. Lycopene Protects Against Spontaneous Ovarian Cancer Formation in Laying Hens. J. Cancer Prev. 2018, 23, 25–36. [Google Scholar] [CrossRef]

	



Singh, A.; Neupane, Y.R.; Panda, B.P.; Kohli, K. Lipid Based Nanoformulation of Lycopene Improves Oral Delivery: Formulation Optimization, Ex Vivo Assessment and Its Efficacy against Breast Cancer. J. Microencapsul. 2017, 34, 416–429. [Google Scholar] [CrossRef] [PubMed]

	



Chen, D.; Huang, C.; Chen, Z. A Review for the Pharmacological Effect of Lycopene in Central Nervous System Disorders. Biomed. Pharmacother. 2019, 111, 791–801. [Google Scholar] [CrossRef]

	



Imran, M.; Ghorat, F.; Ul-haq, I.; Ur-rehman, H.; Aslam, F.; Heydari, M.; Shariati, M.A.; Okuskhanova, E.; Yessimbekov, Z.; Thiruvengadam, M.; et al. Lycopene as a Natural Antioxidant Used to Prevent Human Health Disorders. Antioxidants 2020, 9, 706. [Google Scholar] [CrossRef]

	



Luo, B.; Zhang, Y.; Li, J. Performance of Nanofiltration for Concentrating Lycopene Extract. In Proceedings of the 7th International Conference on Separation Science and Technology, Chengdu, China, 2–4 July 2013; p. 168. [Google Scholar]

	



Arana Rodriguez, F.A. Membrane Separation of Bioactive Lycopene from Tomato Juice. Ph.D. Thesis, Universidad del Valle, Cali, Colombia, 2009. [Google Scholar]

	



Grune, T.; Lietz, G.; Palou, A.; Ross, A.C.; Stahl, W.; Tang, G.; Thurnham, D.; Yin, S.A.; Biesalski, H.K. β-Carotene Is an Important Vitamin A Source for Humans. J. Nutr. 2010, 140, 2268S–2285S. [Google Scholar] [CrossRef] [PubMed]

	



Fiedor, J.; Burda, K. Potential Role of Carotenoids as Antioxidants in Human Health and Disease. Nutrients 2014, 6, 466–488. [Google Scholar] [CrossRef] [PubMed]

	



Sarrade, S.J.; Rios, G.M.; Carlè, M. Supercritical CO2 Extraction Coupled with Nanofiltration Separation Applications to Natural Products. Sep. Purif. Technol. 1998, 14, 19–25. [Google Scholar] [CrossRef]

	



Schroeder, M.T.; Becker, E.M.; Skibsted, L.H. Molecular Mechanism of Antioxidant Synergism of Tocotrienols and Carotenoids in Palm Oil. J. Agric. Food Chem. 2006, 54, 3445–3453. [Google Scholar] [CrossRef]

	



García-Martínez, E.; Camacho, M.D.M.; Martínez-Navarrete, N. In Vitro Bioaccessibility of Bioactive Compounds of Freeze-Dried Orange Juice Co-Product Formulated with Gum Arabic and Modified Starch. Molecules 2023, 28, 810. [Google Scholar] [CrossRef]

	



Mussagy, C.U.; Remonatto, D.; Paula, A.V.; Herculano, R.D.; Santos-Ebinuma, V.C.; Coutinho, J.A.P.; Pereira, J.F.B. Selective Recovery and Purification of Carotenoids and Fatty Acids from Rhodotorula Glutinis Using Mixtures of Biosolvents. Sep. Purif. Technol. 2021, 266, 118548. [Google Scholar] [CrossRef]

	



González-Peña, M.A.; Ortega-Regules, A.E.; Anaya de Parrodi, C.; Lozada-Ramírez, J.D. Chemistry, Occurrence, Properties, Applications, and Encapsulation of Carotenoids—A Review. Plants 2023, 12, 313. [Google Scholar] [CrossRef]

	



Ligia Focsan, A.; Polyakov, N.E.; Kispert, L.D. Supramolecular Carotenoid Complexes of Enhanced Solubility and Stability—The Way of Bioavailability Improvement. Molecules 2019, 24, 3947. [Google Scholar] [CrossRef]

	



Rehman, A.; Tong, Q.; Jafari, S.M.; Assadpour, E.; Shehzad, Q.; Aadil, R.M.; Iqbal, M.W.; Rashed, M.M.A.; Mushtaq, B.S.; Ashraf, W. Carotenoid-Loaded Nanocarriers: A Comprehensive Review. Adv. Colloid. Interface Sci. 2020, 275, 102048. [Google Scholar] [CrossRef]

	



Siddiqui, S.A.; Bahmid, N.A.; Taha, A.; Abdel-Moneim, A.-M.E.; Shehata, A.M.; Tan, C.; Kharazmi, M.S.; Li, Y.; Assadpour, E.; Castro-Muñoz, R.; et al. Bioactive-Loaded Nanodelivery Systems for the Feed and Drugs of Livestock; Purposes, Techniques and Applications. Adv. Colloid. Interface Sci. 2022, 308, 102772. [Google Scholar] [CrossRef]

	



Gul, K.; Tak, A.; Singh, A.K.; Singh, P.; Yousuf, B.; Wani, A.A. Chemistry, Encapsulation, and Health Benefits of β-Carotene—A Review. Cogent Food Agric. 2015, 1, 1018696. [Google Scholar] [CrossRef]

	



Dias, D.R.; Botrel, D.A.; Fernandes, R.V.D.B.; Borges, S.V. Encapsulation as a Tool for Bioprocessing of Functional Foods. Curr. Opin. Food Sci. 2017, 13, 31–37. [Google Scholar] [CrossRef]

	



Soh, S.H.; Lee, L.Y. Microencapsulation and Nanoencapsulation Using Supercritical Fluid (SCF) Techniques. Pharmaceutics 2019, 11, 21. [Google Scholar] [CrossRef] [PubMed]

	



Eisenhauer, B.; Natoli, S.; Liew, G.; Flood, V.M. Lutein and Zeaxanthin—Food Sources, Bioavailability and Dietary Variety in Age-related Macular Degeneration Protection. Nutrients 2017, 9, 120. [Google Scholar] [CrossRef]

	



Fábryová, T.; Cheel, J.; Kubáč, D.; Hrouzek, P.; Vu, D.L.; Tůmová, L.; Kopecký, J. Purification of Lutein from the Green Microalgae Chlorella Vulgaris by Integrated Use of a New Extraction Protocol and a Multi-Injection High Performance Counter-Current Chromatography (HPCCC). Algal Res. 2019, 41, 101574. [Google Scholar] [CrossRef]

	



Stahl, W. Macular carotenoids: Lutein and zeaxanthin. Nutr. Eye 2005, 38, 70–88. [Google Scholar]

	



Sindhu, E.R.; Preethi, K.C.; Kuttan, R. Antioxidant Activity of Carotenoid Lutein in Vitro and in Vivo. CSIR 2010, 48, 843–848. [Google Scholar]

	



Ma, L.; Lin, X.M. Effects of Lutein and Zeaxanthin on Aspects of Eye Health. J. Sci. Food Agric. 2010, 90, 2–12. [Google Scholar] [CrossRef]

	



Ribaya-Mercado, J.D.; Blumberg, J.B. Lutein and Zeaxanthin and Their Potential Roles in Disease Prevention. J. Am. Coll. Nutr. 2004, 23, 567S–587S. [Google Scholar] [CrossRef]

	



Becerra, M.; Mojica Contreras, L.; Hsieh Lo, M.; Mateos Díaz, J.; Castillo Herrera, G. Lutein as a Functional Food Ingredient: Stability and Bioavailability. J. Funct. Foods 2020, 66, 103771. [Google Scholar] [CrossRef]

	



Sajilata, M.G.; Singhal, R.S.; Kamat, M.Y. The Carotenoid Pigment. Zeaxanthin—A Review. Compr. Rev. Food Sci. Food Saf. 2008, 7, 29–49. [Google Scholar] [CrossRef]

	



Lin, J.H.; Lee, D.J.; Chang, J.S. Lutein Production from Biomass: Marigold Flowers versus Microalgae. Bioresour. Technol. 2015, 184, 421–428. [Google Scholar] [CrossRef]

	



USDA Food Data Central. Available online: https://fdc.nal.usda.gov/ (accessed on 19 January 2024).

	



Nwachukwu, I.D.; Udenigwe, C.C.; Aluko, R.E. Lutein and Zeaxanthin: Production Technology, Bioavailability, Mechanisms of Action, Visual Function, and Health Claim Status. Trends Food Sci. Technol. 2016, 49, 74–84. [Google Scholar] [CrossRef]

	



Breithaupt, D.E.; Schlatterer, J. Lutein and Zeaxanthin in New Dietary Supplements-Analysis and Quantification. Eur. Food Res. Technol. 2005, 220, 648–652. [Google Scholar] [CrossRef]

	



Sereewatthanawut, I.; Ferreira, F.C.; Hirunlabh, J. Advances in Green Engineering for Natural Products Processing: Nanoseparation Membrane Technology. J. Eng. Sci. Technol. Rev. 2018, 11, 197–205. [Google Scholar] [CrossRef]

	



Szekely, G.; Jimenez-Solomon, M.F.; Marchetti, P.; Kim, J.F.; Livingston, A.G. Sustainability Assessment of Organic Solvent Nanofiltration: From Fabrication to Application. Green Chem. 2014, 16, 4440–4473. [Google Scholar] [CrossRef]

	



Tsui, E.M.; Cheryan, M. Membrane Processing of Xanthophylls in Ethanol Extracts of Corn. J. Food Eng. 2007, 83, 590–595. [Google Scholar] [CrossRef]

	



Lemes, A.C.; Egea, M.B.; de Oliveira Filho, J.G.; Gautério, G.V.; Ribeiro, B.D.; Coelho, M.A.Z. Biological Approaches for Extraction of Bioactive Compounds From Agro-Industrial By-Products: A Review. Front. Bioeng. Biotechnol. 2022, 9, 802543. [Google Scholar] [CrossRef]

	



Xu, Q.; Bao, Z. Special Issue on “Extraction and Purification of Bioactive Compounds”. Processes 2023, 11, 2034. [Google Scholar] [CrossRef]

	



Agyei, D.; Ongkudon, C.M.; Wei, C.Y.; Chan, A.S.; Danquah, M.K. Bioprocess Challenges to the Isolation and Purification of Bioactive Peptides. Food Bioprod. Process. 2016, 98, 244–256. [Google Scholar] [CrossRef]

	



Cheng, Y.H.; Kirschner, A.Y.; Chang, C.C.; He, Z.; Nassr, M.; Emrick, T.; Freeman, B.D. Surface Modification of Ultrafiltration Membranes with 1,4-Benzoquinone and Polyetheramines to Improve Fouling Resistance. ACS Appl. Mater. Interfaces 2022, 14, 52390–52401. [Google Scholar] [CrossRef]

	



Taghavian, H.; Černík, M.; Dvořák, L. Advanced (Bio)Fouling Resistant Surface Modification of PTFE Hollow-Fiber Membranes for Water Treatment. Sci. Rep. 2023, 13, 11871. [Google Scholar] [CrossRef]

	



Choi, Y.; Shin, Y.; Woo, Y.C.; Lee, S. Enhancement of Fouling Resistance of Microfiltration Membranes by Surface Modification Using UV-Curing Photopolymer. Chemosphere 2024, 346, 140555. [Google Scholar] [CrossRef]

	



Ahmad, N.N.R.; Mohammad, A.W.; Mahmoudi, E.; Ang, W.L.; Leo, C.P.; Teow, Y.H. An Overview of the Modification Strategies in Developing Antifouling Nanofiltration Membranes. Membranes 2022, 12, 1276. [Google Scholar] [CrossRef]

	



Kim, T.; Lee, Y.; Kim, E.; Kim, K. Fouling-Resistant Surface Modification of Forward Osmosis Membranes Using MoS2-Ag Nanofillers. Surf. Interfaces 2023, 38, 102844. [Google Scholar] [CrossRef]

	



Valencia-Arredondo, J.; Hernández-Bolio, G.; Cerón-Montes, G.I. Enhanced process integration for the extraction, concentration and purification of di-acylated cyanidin from red cabbage. Sep. Purif. Technol. 2020, 238, 116492. [Google Scholar] [CrossRef]

	



Rashid, S.; Malik, S.; Embi, K.; Ropi, N.A.M.; Yaakob, H.; Cheng, K.K.; Sarmidi, M.R.; Leong, H.Y. Carotenoids and antioxidant activity in virgin palm oil (VPO) produced from palm mesocarp with low heat aqueous-enzyme extraction techniques. Mater. Today Proc. 2021, 42, 148–152. [Google Scholar] [CrossRef]

	



Altunay, N.; Haq, H.U.; Castro-Muñoz, R. Optimization of vortex-assisted hydrophobic magnetic deep eutectic solvent-based dispersive liquid phase microextraction for quantification of niclosamide in real samples. Food Chem. 2023, 426, 136646. [Google Scholar] [CrossRef] [PubMed]

	



Kallel, F.; Chaibi, Z.; Neifar, M.; Chaabouni, S.E. Effect of Enzymatic Treatments and Microfiltration on the Physicochemical Properties and Antioxidant Activities of Two Tunisian Prickly Pear Juices. Process Biochem. 2023, 132, 140–151. [Google Scholar] [CrossRef]

	



Mir-Cerdà, A.; Carretero, I.; Coves, J.R.; Pedrouso, A.; Castro-Barros, C.M.; Alvarino, T.; Cortina, J.L.; Saurina, J.; Granados, M.; Sentellas, S. Recovery of Phenolic Compounds from Wine Lees Using Green Processing: Identifying Target Molecules and Assessing Membrane Ultrafiltration Performance. Sci. Total Environ. 2023, 857, 159623. [Google Scholar] [CrossRef] [PubMed]

	



Rosas Vega, F.E.; Sanchez Muñoz, S.; Severo Gonçalves, I.; Terán Hilares, F.; Rocha Balbino, T.; Soares Forte, M.B.; da Silva, S.S.; dos Santos, J.C.; Terán Hilares, R. Carbohydrates Valorization of Quinoa (Chenopodium quinoa) Stalk in Xylooligosaccharides and Carotenoids as Emergent Biomolecules. Ind. Crops Prod. 2023, 194, 116274. [Google Scholar] [CrossRef]

	



Vitor Pereira, D.T.; Barrales, F.M.; Pereira, E.; Viganó, J.; Iglesias, A.H.; Reyes Reyes, F.G.; Martínez, J. Phenolic Compounds from Passion Fruit Rinds Using Ultrasound-Assisted Pressurized Liquid Extraction and Nanofiltration. J. Food Eng. 2022, 325, 110977. [Google Scholar] [CrossRef]

	



Arend, G.D.; Soares, L.S.; Camelo-Silva, C.; Sanches, M.A.R.; Penha, F.M.; Díaz-De-Cerio, E.; Verardo, V.; Prudencio, E.S.; Segura-Carretero, A.; Tischer, B.; et al. Is Nanofiltration an Efficient Technology to Recover and Stabilize Phenolic Compounds from Guava (Psidium guajava) Leaves Extract? Food Biosci. 2022, 50, 101997. [Google Scholar] [CrossRef]

	



Paun, G.; Neagu, E.; Parvulescu, V.; Anastasescu, M.; Petrescu, S.; Albu, C.; Nechifor, G.; Radu, G.L. New Hybrid Nanofiltration Membranes with Enhanced Flux and Separation Performances Based on Polyphenylene Ether-Ether-Sulfone/Polyacrylonitrile/SBA-15. Membranes 2022, 12, 689. [Google Scholar] [CrossRef] [PubMed]

	



Cabezas, R.; Zurob, E.; Gomez, B.; Merlet, G.; Plaza, A.; Araya-Lopez, C.; Romero, J.; Olea, F.; Quijada-Maldonado, E.; Pino-Soto, L.; et al. Challenges and Possibilities of Deep Eutectic Solvent-Based Membranes. Ind. Eng. Chem. Res. 2022, 61, 17397–17422. [Google Scholar] [CrossRef]

	



Ahmad, M.Z.; Castro-Munõz, R.; Budd, P.M. Boosting Gas Separation Performance and Suppressing the Physical Aging of Polymers of Intrinsic Microporosity (PIM-1) by Nanomaterial Blending. Nanoscale 2020, 12, 23333–23370. [Google Scholar] [CrossRef]

	



Yang, C.; Li, X.M.; Gilron, J.; Kong, D.F.; Yin, Y.; Oren, Y.; Linder, C.; He, T. CF4 Plasma-Modified Superhydrophobic PVDF Membranes for Direct Contact Membrane Distillation. J. Memb. Sci. 2014, 456, 155–161. [Google Scholar] [CrossRef]

	



Jiang, B.B.; Sun, X.F.; Wang, L.; Wang, S.Y.; Liu, R.D.; Wang, S.G. Polyethersulfone Membranes Modified with D-Tyrosine for Biofouling Mitigation: Synergistic Effect of Surface Hydrophility and Anti-Microbial Properties. Chem. Eng. J. 2017, 311, 135–142. [Google Scholar] [CrossRef]

	



Cosme, J.R.A.; Castro-Muñoz, R.; Vatanpour, V. Recent advances in nanocomposite membranes for organic compound remediation from potable waters. ChemBioEng Rev. 2023, 10, 112–132. [Google Scholar] [CrossRef]








[image: Separations 11 00064 g001] 





Figure 1. Typical flavonoid chemical structure and its derived variants. 
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Figure 2. Procedural framework for the concentration of phenolic compounds extracted from produce sources by membrane processing. 
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Figure 3. Suggested process diagram for the recovery of tartaric acid and phenolic fractions from wine lees using NF steps. Inspired by Kontogiannopoulos et al. [59]. 
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Figure 4. Chemical structures of main xanthopylls and carotenoids. 
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Table 1. Concentration processes of FVs from natural products and by-products using different commercial NF membranes.






Table 1. Concentration processes of FVs from natural products and by-products using different commercial NF membranes.





	
Source

	

	
Membrane Specifications

	
Best Performing Membrane

	
Flavonoid Rejection

	
Reference




	
Commercial Membrane

	
Polymer Material

	
MWCO (Da)






	
Grape by-products

	
AFC40

PU608

PU120

FP200

	
Polyamide

Polysulphone

Polysulphone

Polyvinilidene fluoride

	
60% CaCl2

8000

20,000

200,000

	
Integrated membrane system

	
100%

	
[19]




	

	
Nanomax 95

Nanomax 50

DL2540

GE2540

Inside Céram

	
Polyamide/Polysulphone

Polyamide/Polysulphone

Thin film

Thin film

Titania

	
250

350

150–300

1000

1000

	
Inside Céram

	
52%

	
[20]




	

	
CA400-22

CA400-26

CA400-28

NF270

ETNA01PP

	
Cellulose acetate

Cellulose acetate

Cellulose acetate

Polypiperazine

Fluoropolymer

	
n/a

	
NF270

	
93.8%

	
[21]




	

	
NF270

ETNA01PP

ETNA10PP

	
Polypiperazine Fluoropolymer

Fluoropolymer

	
200–300

1000

10,000

	
Integrated membrane system

	
ACN: 100%

TPC: >90%

	
[22]




	

	
M-U2540

HYDRACoRe 70pHT

NF270

NF90

ESP04

HFW1000

	
Polyacrylonitrile

Sulfonated polyethersulfone

Polypiperazine

Polyamide

Modified polyethersulfone

Modified polyethersulfone

	
20,000

720

97% MgSO4

97% MgSO4

4000

1000

	
HYDRACoRe 70pHT

	
91.9%

	
[23]




	

	
NF270

ETNA01PP

	
Polypiperazine

Fluoropolymer

	
300

1000

	
NF270

	
>90%

	
[24]








n/a: Not Applicable.













 





Table 2. Some relevant nanofiltration applications for the recovery of non-flavonoids.
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Material

	

	
Membrane Specifications

	
Selected Membrane

	
Polyphenol Rejection

	
Reference




	
Membrane

	
Polymer

	
MWCO (Da)






	
Olive products

	
n/a

Nadir N30F

	
n/a

Polyethersulphone

	
n/a

578

	
Integrated membrane system

	
≈100%

	
[96]




	

	
DK

DL

G10

G5

MPF34

MPF36

MPF44

NTR7250

NTR7410

NTR7430

NTR7450

	
Polyamide/Polysulfone

Polyamide/Polysulfone

Polyethylene glycine

Polyethylene glycine

Silicone/Polysulfone

Silicone/Polysulfone

Silicone/Polysulfone

Polyvinyl alcohol

Sulfonated polyether sulfone

Sulfonated polyether sulfone

Sulfonated polyether sulfone

	
150

300

2500

1000

200

1000

250

300–400

17,500

2000

700–800

	
MPF44

	
OLP: 96%

	
[97]




	

	
Isoflux

n/a

DL1812

NF90

LiquiCells ExtraFlow

Shirasu porous glass

	
TiO2

TiO2

Polyamide

Polyamide

Polypropylene

Al2O3 SiO2 glass

	
n/a

n/a

150–300

200

n/a

n/a

	
Integrated membrane system

	
85