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Abstract

:

Natural antioxidants have renewed value for human health and the food industry. Green labeling is becoming an important attribute for consumers and is impacting food processing and formulations. Clean label is another attribute that ranked third after the “free-from” claims and “a good source” of nutrient claims. Clean label attributes also are ranked higher than local, seasonal, and organic. Techniques that are able to preserve the valuable characteristics of natural antioxidants, while eliminating even trace amounts of solvent residues from their extraction and processing, are important. Supercritical fluids (SCF) are an effective green technology that can be adopted for extraction of natural antioxidants. This review is focused on the application of supercritical carbon dioxide (SCCO2) for extracting hydrophobic antioxidant compounds with an emphasis on oilseed crops and carrots. The information provided about extraction parameters helps to guide optimization of the yield of tocopherols and carotenoids. Pressure is the most effective parameter for the extraction yield of tocopherol among the other parameters, such as temperature, time, and CO2 flow rate. For carotenoid extraction, both pressure and temperature have a large impact on extraction yield. Higher yields of antioxidants, greater purity of the extracts, and larger retention of bioactivity are the main advantages of supercritical fluid extraction (SFE) in comparison to other conventional techniques. The benefits of SCF technology may open new opportunities for extracting valuable, natural and effective antioxidant compounds from food processing co-streams for use as bioactive compounds.
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1. Introduction


Antioxidants play a significant role in biological systems by slowing down or buffering the oxidation of other molecules and, in so doing, protect cells from damage caused by unstable molecules or free radicals [1,2]. In the popular press, antioxidants are frequently presented as supplements which prevent or cure human disease [1]. In the human body, natural antioxidants from plant sources have been shown to contribute to overall health and wellness and offer protection, at least in part, against health disorders such as cardiovascular, neurodegenerative, and gastrointestinal diseases, cancer, diabetes, arthritis, and retinal degeneration [3,4], as well as slowing the aging process [5].



Antioxidants have significant functions in many processed foods and beverages [6]. They prevent the foods we eat from spoiling and deteriorating due to oxidation and microbial activity, and, in so doing, preserve safety, flavor, texture, and nutritional integrity [6]. Antioxidants also help protect the sensory attributes of foods/beverages, such as odor, flavor, and color, as well as preserving nutritional integrity and quality and preventing spoilage by excluding oxygen [7].



Many antioxidants used by the food industry are synthetic antioxidants [6]. Their use as additives, however, elicited strong responses for their safety from increasingly concerned consumers [8]. Synthetic antioxidants may also impact health [9], and with names that are typically unfamiliar and difficult to pronounce are perceived as health risks [10]. As a result, there is notable increased interest in purchasing naturally based antioxidant products [11], with the food industry actively seeking new natural sources [7]. Consumer demand for “clean” labels for natural food ingredients and additives that are perceived as healthy is growing [7]. Such demands are reinforced by an increasing interest in sustainable sources of production using environmentally-friendly processing techniques [11]. Clean label attributes rank third behind “a good source” of nutrient claims and “free-from” claims as the top attributes that make foods and beverages healthy [7]. Clean label attributes are, therefore, ranked higher than local, seasonal, and organic [7].



Market Data Forecast has predicted global sale of the foods/beverages that have clean labels and include clean ingredients such as natural flavors and colors, fruit and vegetables, and others will increase from $38.8 billion in 2021 to $64.1 billion in 2026 at an annual growth rate of compound of 6.8% [12]. According to Innova Market Insights’ Innova Health & Nutrition Survey 2020, around 51% of consumers worldwide based their purchasing decision on whether or not a packaged food or beverage contains preservatives. At the same time, 46% of respondents reported trying to purchase “only natural ingredients”, 33% “organic” foods, and same rate 33% “sustainably sourced” ingredients [12].



Currently, there is no legal definition for “clean label”, but the term generally refers to foods that are minimally processed, processed without harsh solvents or harsh conditions, and do not contain artificial flavors, colors, sweeteners, artificial preservatives or additives, and unexpected allergens [13]. While no formal definition exists, several food retailers (Trader Joe’s, Whole Foods) have set internal standards by implementing in-store or brand bans for specific food ingredients or additives [14]. Although “clean labels” have a number of connotations, consumers are increasingly looking for natural preservatives or antioxidants extracted using “green” processing technologies [15].



SCCO2 is emerging as a “clean” or “green” option for extraction of oils and bioactive compounds for food, pharmaceuticals, and industrial applications as it is operable at moderate pressures and temperatures [16,17]. CO2 is inexpensive and readily available as a noncorrosive and nonflammable solvent with generally recognized as safe (GRAS) status [18,19,20]. SCCO2 is sustainably sourced and can be recycled and re-used without leaving chemical residues in the food [21,22]. Most importantly, SCCO2 protects antioxidants during extraction and/or reaction because it provides a non-oxidizing environment by preventing the formation of oxidation products [23,24], which is a very important aspect for preserving carotenoids [25]. SCCO2 is an excellent solvent for dissolving non-polar [26] or slightly polar compounds, although its solvent power for hydrophilic substrates is rather weak [27,28]. This can be overcome, however, by adding a polar co-solvent such as ethanol [27].



Carrots, a horticultural crop [29], and soybean, canola, sunflower, and rape oilseed, oleaginous field crops, are all rich in hydrophobic and lipophilic antioxidants [30]. These crops provide significant economic value in their growing regions. For example, canola has benefited the Canadian economy by creating $19.3 billion annually in economic activity and 249,000 jobs [31]. The press cake or meals from processing oilseeds, and processing by-products, are of particular interest as their increased utilization could provide an additional source of revenue for these under-utilized by-products [31]. These agricultural and industrial processing co-streams represent an inexpensive, renewable and highly accessible source of antioxidants [32].



The main focus of this review is the application of SCCO2 as a “green” process for extracting natural hydrophobic antioxidants from plant sources, specifically carotenoids from carrots and vitamin E from oleaginous field crops (soybean, canola, sunflower, and rapeseed oils). In addition, this paper introduces hydrophobic antioxidants, and reviews the advantages and disadvantages of various solvent extraction methods for vitamin E and carotenoids. The focus of vitamin E extraction is more on tocopherols than tocotrienols due to the high tocopherol content of canola, soybean, sunflower, and rapeseed oils. The effect of different variables, such as pressure, temperature, time and the flow rate of feed, modifier, and CO2, on yield of vitamin E during the extraction by SCCO2 are discussed in this review. Additionally, this review shows how the extraction yield of carotenoids from various sources was influenced by different pressures and temperatures during the SCCO2 extraction. Finally, the properties of SCCO2 extraction of vitamin E and carotenoid are compared to the extraction of these hydrophobic antioxidants by conventional techniques.



1.1. Hydrophobic Antioxidants


Vitamin E, ubiquinone, flavonoids, carotenoids, and retinoids are hydrophobic antioxidants with lipophilic properties [33,34]. Vitamin E, the collective name for eight constituents of this natural fat-soluble antioxidant, consists of three important functional groups [35]: (i) hydrophobic C16 side-chains that determine two different families, tocopherols and tocotrienols. Tocotrienols differ from the tocopherols by having an unsaturated C16 chain (Figure 1). (ii) Chroman-6-ol rings that distinguish four isomers (α, β, γ, and δ) that depend on the position and number of methyl groups attached to the chromane ring. (iii) A hydroxyl group on the ring that reduces free radicals when it donates a hydrogen atom, exists in all eight derivatives [33,36].



Sources of vitamin E include vegetable oils such, as canola, soy, peanut, sunflower, walnuts, and cereal grain oils (maize > wheat > barley > rye oils) [37,38]. Tocopherol concentrations in vegetable oils range from 20–1640 mg/kg for all four homologs [39]. The total amount of tocopherols and tocotrienols varies in different sources with walnut, soybean and peanut containing tocopherols at levels greater than 1000 mg/kg, while cottonseed, safflower, sunflower, and canola/oilseed rape sources contain over 680 mg/kg (canola typically 770 mg/kg) [39].
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Figure 1. Tocopherols and tocotrienols (vitamin E) [39,40]. 






Figure 1. Tocopherols and tocotrienols (vitamin E) [39,40].
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The most biologically active homolog among the isomers is α-tocopherol, which is preferred by the body for absorption and metabolization, while γ-tocopherol has more antioxidant activity [36,40]. Of the tocopherols, α and γ types represent the highest percentages in vegetable oils. For instance, canola oil has 210–272 mg/kg α-tocopherol and 423 kg/kg γ-tocopherol, while soybean oil contains 75 mg/kg α-tocopherol and 266 mg/kg γ-tocopherol [41,42]. Tocotrienols are not found in soybean and rapeseed oils [43,44].



Carotenoids (tetraterpenes) are derived from the acyclic C40 isoprenoid lycopene [45]. They are known as functional and nutraceutical compounds due to their provitamin A activity and natural food colorant role [46]. Figure 2 shows the categories of carotenoids. Carotenoids are found in most yellow, orange and red fruits and vegetables. Carrots [47], peaches, nectarine [48], banana peels [49], tomatoes [50], and sweet potatoes [51] all contain this fat-soluble antioxidant. Carrots, in particular, are an excellent source of carotenoids, with values ranging from 600–1200 mg/kg carotene content [52]. The most significant carotenoids of carrots are lutein, lycopene, α-carotene, and β-carotene isomers [45]. Carotenoids exist naturally in the trans form in plants [45]. The vitamin A activity of trans-β-carotene and trans-α-carotene theoretically is 100% and 50%, respectively [42]. Carrots contain high percentages of the most active forms of carotenoids which includes 60–80% trans-β-carotene, 10–40% trans-α-carotene, and 1–5% lutein [42]. Carotenoid extraction is related to the recovery of lycopene and β-carotene as they are important economically because of their role as natural colorants [33]. In comparison with synthetic pigments, carotenoids are valued highly as food colorants and are recognized as a functional, medical, and nutraceutical food, as well as a natural additive [46].




1.2. Supercritical Fluid (SCF)


A fluid becomes supercritical when the temperature and pressure go above its critical point [19]. The three common states of matter are solid, liquid, and gas. Carbon dioxide exists in all three states, gas, liquid, and solid at its triple point which is at a temperature of −57 °C and 4.16 bar pressure [53]. Therefore, dry ice (solid CO2) sublimes directly to a vapor at room temperature and at atmospheric pressure. When temperature and pressure both increase, CO2 enters into a critical state at which no phase boundaries exist [26], so its liquid phase cannot be distinguished [52]. As CO2 approaches its critical temperature and pressure, the properties of its gas and liquid phase converge, resulting in a SCF [53]. The critical temperature of CO2 is 31°C (304 K) and the critical pressure is 74 bar. At this point, CO2 has the density of a liquid and dissolves materials like a liquid while it behaves like a gas and diffuses readily through solids [54]. Although the density of CO2 can be manipulated, above a temperature of 31 °C, it cannot be liquefied even with pressures as high as 3040 bar [53]. Table 1 illustrates the physical properties of CO2 at different states [19,55].



Diffusion and dissolution are two essential stages in extraction by SCCO2 [56]. SCCO2 penetrates, diffuses, and is absorbed into a solid matrix, such as the vegetal material [57]. The solute, such as oil, is solubilized and is transported by the SCCO2 in two steps: (i) through the solid matrix to the outer layer, then (ii) from the outer surface of the solid to the bulk solution [58]. In extraction, an extractant should be separated from a solid or liquid matrix [58]. SCCO2 has two phases comprising a dense liquid and a low-density gas in equilibrium [59]. Close to the critical temperature (i.e., at 27 °C), the density of gas and liquid, at equilibrium state, becomes denser and lower, respectively. At the critical point (31 °C and 74 bar), there is only one phase and, therefore, no differences in the density [59]. Above the critical point, a small increase in pressure gives rise to a large increase in the density of the SCCO2 phase [58]. Many other physical properties, such as diffusivity, relative permittivity, solvent strength, and viscosity of a SCF, all of which affect its solubility, can be regulated by making relatively small changes in pressure or temperature [40,60].



SCFs are, therefore, proposed as an alternative to conventional methods of extraction, reaction, fractionation, and analysis due to their unique manipulable properties [55]. Supercritical fluid extraction (SFE) is a fast technique because it is a diffusion-based process and diffusivities are much faster in SCFs than in liquids [58]. SCF has very low surface tension, low viscosity, and moderately high diffusion coefficient, so it gives better small pore penetration [19,61,62]. In contrast, SCF has a density like a liquid that improves its solvent power to facilitate mass transfer [61]. All these characteristics provide excellent transport properties for the SCF compared to an organic solvent [23,61].





2. Extraction Methods for Hydrophobic Antioxidants Not Using SCF


2.1. Extraction of Vitamin E (Tocopherols)


Production of edible oils in industry comprises two steps: the extraction of oils from the seeds and refining the crude oil. Converting the crude oil to refined oil occurs via physical and chemical refining stages (Figure 3) [63]. Tocopherols exist in refined oils, meal, and the deodorized sludge that is obtained from the deodorization step in conventional vegetable oil refining processes. Around 30–40% of the tocopherols and tocotrienols are removed from oil and end up in the bleached and deodorized sludge or in the gums during the process of manufacturing oils [64]. The presence of tocopherols in cooking oil has both functional and nutraceutical benefits as antioxidants by helping to increase the oil shelf life and maintain health benefits in the cooking oil. Furthermore, it is desirable for livestock feed consumption to keep the tocopherols in the meals after extracting oil from the beans or seeds. The deodorized distilled fraction, which is a by-product of steam distillation in the deodorization stage, may be the best source for extracting tocopherols in industry. Deodorized distillate is a rich source of vitamin E and sterols, especially campesterol, stigmasterol, and β-sitosterol [36]. Besides tocopherols and sterols, other components, such as aldehydes and ketones, can be isolated and used for nutritious products in the feed, cosmetic, and food industries [65].



Solvent Extraction Methods


The solvent extraction method is based on using a solvent in extraction and recovery of the sterols and tocopherols by crystallization [63]. Table 2 illustrates the results of some studies that used conventional solvent extraction techniques to extract tocopherols from the distillate fraction and most of them reported that recovery yield and purity did not exceed 89% and 76%, respectively. However, Zhou et al. [67] stated that there was no significant loss in tocopherol content during the extraction process. The solvent extraction method, however, requires some modifications so that the purity can be increased, as described below.





2.2. Modification to Increase the Purity


2.2.1. Extraction by Caustic Methanol


Tocopherol or tocotrienol-enriched organic materials are mixed with hexane. The resulting mixture is then mixed with methanol and sodium hydroxide. The mixture separates into two layers: (i) a tocopherol-containing caustic methanol phase and (ii) a phase containing impurities such as squalene, waxes, and sterols [40].



For recovery of the pure tocopherols, the first phase is mixed with hexane three times. These hexane layers are combined and then neutralized with glacial acetic acid (nonaqueous) and NaOH for three times to prevent loss of tocopherol. At this stage, all the caustic phases are combined, and the hexane layers collected and discarded. The resulting tocopherol-enriched caustic methanol is neutralized again with glacial acetic acid and separation occurs when water is added at this step. The results of this separation are (i) a tocopherol-enriched phase and (ii) a neutralized methanol phase. The second phase is washed with hexane. The two layers are combined and hexane removed under vacuum distillation; therefore, the product remains with 82% tocopherol and 7% sterol [40]. Molecular distillation helps separate tocopherols and sterols from saponified deodorized distilled oil at elevated temperature and high vacuum conditions [63].




2.2.2. Extraction by a Solution of Urea and Alcohol


This technique has three main steps including (i) melting the deodorizer distillates, (ii) adding to the mixture of urea and alcohol, and (iii) separating the free fatty acids. The outcome of this technique is increasing the tocopherol concentration [63].




2.2.3. Extraction by Anionic Exchange Resin


This method utilizes organic solvents and anionic resin. The mixture of polar organic solvent and the tocopherol-containing material is passed through a strongly anionic exchange resin. The adsorbed tocopherols are then eluted by acidic eluting solution [40,63].




2.2.4. Extraction Utilizing Liquid Fractionation Technique


Compared with the resin method, this technique isolates more purified tocopherol, by removing the free fatty acids from tocopherol-containing products; one or more organic solvents can be used. The mixture needs to stand for a while, followed by separation of the solvent layer. Tocopherols remain after evaporating the solvent from the recovered supernatant [40].




2.2.5. Extraction Utilizing Enzymatic Reaction Technique


Enzymatic reactions concentrate tocopherols by converting a class of components to another class, such as conversion of acylglycerols to free fatty acids, sterols to steryl esters, and free fatty acids to fatty acid methyl ester [63].





2.3. Extraction of Carotenoids


Approximately 70% of carrots cannot be marketed due to the fact that their shape and size do not meet market specifications [74]. These cull carrots are wasted unless other uses can be identified [75]. Carrots are a rich source of carotene (ranging from 600 to 1200 mg/kg, with some varieties as high as 3000 mg/kg); extracting of antioxidants from waste carrots will be valuable to industry and consumers [45]. Therefore, finding the best extraction method from an economic and environmentally-friendly point of view that produces the highest yield can add value to this waste product [76]. Enzymatic and non-enzymatic solvent extraction procedures are the two main industrial methods for carotenoid extractions. Canola, sunflower oil, and soybean oil can be used as solvents for extracting carotenoids from marine and vegetable wastes [38]. Sun and Temelli [77] discovered that using canola oil as a co-solvent in SFE increased the total carotenoid yield significantly higher (1904 µg/g) than that obtained by traditional solvent extraction (1136 µg/g). Chemical, biological, and physical pretreatments also improve the carotenoid extraction yield. Enzymatic pretreatments have been shown to enhance carotene extraction compared with chemical and chemical-physical extraction methods [38].



Solvent Extraction Methods


For analytical purposes, there are many methods for the extraction of antioxidants at a laboratory scale. Sun and Temelli [42] discussed one traditional carotenoid extraction method. The process started by washing and chopping the carrots to 5 mm followed by 5 days freeze-drying. After homogenization, an extraction medium of hexane/ acetone mixture containing 0.005% (w/v) of a synthetic antioxidant, butylated hydroxytoluene (BHT), was used. After filtration and washing the residue with acetone and then with hexane, Milli-Q water was used three times for washing the combined organic filtrate, then the organic phase was dried under nitrogen gas [42].





2.4. Modification to Increase the Purity


In order to improve the carotenoid yield, various techniques and methods have been used in solvent extraction methods.



2.4.1. Extraction by Soxhlet Technique


Extracting the carotenoids from a solid complex, such as grated carrots, can be performed using Soxhlet extraction [78]. Numerous organic solvents and different combined solvents have been used and tested to obtain the best recovery of carotenoids. It would be better to select a solvent according to the polarity of the pigments. Solvents with a lower boiling point are preferred [79]. Table 3 shows some solvents and their properties for extraction of different carotenoids. The process for extracting uncharacterized pigments involves solvent extraction (1:1 (v/v) hexane/acetone or hexane alone) and selective removal of compounds from the organic phase by filtration or by a strong basic resin [79].



For easier elimination of the water and more effective extraction, it is better to dehydrate plant samples using different methods such as: (i) low-temperature vacuum oven (for easily pulverizable vegetables); (ii) use of alcohol (for plant tissues containing lipids, waxes or sugars as they cannot be ground to powder); (iii) freeze-drying, which is an alternative for vacuum oven drying with slight pigment damage [79]; and (iv) pressure-cooking methods that can reduce the degradation [38].



One example of a solvent extraction procedure includes, (i) sample preparation (e.g., dehydration of plant samples), (ii) mixing with solvent, (iii) separation by vacuum filter [79] or centrifugation [80], (iv) continuing the extraction using smaller volumes of solvents, (v) concentration of extract by rotary evaporator, (vi) hot saponification at 56 °C with 40% (w/v) KOH in methanol, (vii) salting out in a separatory funnel with 10% (w/v) Na2SO4 solution, (viii) discarding the bottom layer and washing out the upper layer with water for three times, and (ix) removing moisture by anhydrous Na2SO4 and filtering using Whatman no.42 filter paper [79].



Carotenoids can be isolated by open-column chromatography (OCC) [81] or membrane separation and purified by crystallization or distillation [46].




2.4.2. Enzymatic Extraction


Biological methods have recently been evaluated for extracting carotenoids. Enzyme treatment can cause cell wall disintegration, releasing the carotenoids [82]. Raw enzymes generated from cultures of microorganisms are preferred versus commercial ones as they are cheaper and can reduce the processing time by 95% [38]. Cellulases, hemicellulases, glucoamylases, and pectinases are the most common enzymes that can be used in this extraction technique [38]. Water is necessary for enzymatic hydrolysis; however, excess water forms an aqueous phase and causes an inverse effect which reduces the speed of the extraction process and prevents the penetration of organic solvent into the vesicles of intracellular lipids leading to carotenoids [38]. Agitating is another important factor which improves carotene content and increases the extraction yield [38]. Enzyme cost, even in the case of using raw enzymes, low yields, and long processing times, is the main disadvantage of this technique [83]. The drying step can be replaced by an enzymatic pretreatment with conventional solvent extraction methods, and this aids in extraction of carotenoids at a lower temperature in comparison with drying techniques [79]. For example, Barzana et al. extracted carotenoids from Marigold flower (Tagetes erecta) by utilizing enzymes at room temperature (24–25 °C) [84].




2.4.3. Extraction by Pressurized Fluid Extraction (PFE) Technique


At elevated pressure and temperature, sometimes organic solvents can be used by utilizing the PFE technique [85]. This technique uses less solvent and the process takes place in a shorter time [79,85]. For example, Denery et al. [86] extracted carotenoids from Haematococcus pluvialis and Dunaliella salina and kavalactones from Piper methysticum by PFE using half the amount of solvent in 20 min instead of 90 min or longer for traditional extraction methods. A PFE system is composed of extraction cells and collection vials that are loaded onto an automated carousel. The stainless-steel extraction vessel fills up with three layers: first, cellulose filter (20 μm pore size) located on the bottom; second, a 2–3 cm3 layer of inert sand; and the upper layer, which is the mixture of the homogenized sample and sand. Extracts collect into glass vials by flushing the system with fresh solvent and at the end, nitrogen gas purges into the system. The range of pressure needed for this system is between 100 to 140 bar [83,86]. Denery et al. [86] showed that manipulating the pressure did not impact extraction yield.




2.4.4. Extraction by Microwave


The advantages and disadvantages of microwave-assisted extraction have been reported [87]. Extraction times using microwave methods are up to 1200 times shorter compared with the Soxhlet extraction technique. However, the contents of β-carotene and total carotenoid extractable from carrots, extracted by microwave-assisted extraction in 3 min, were less (23 and 52 mg/100 g dry basis) than those extracted by Soxhlet extraction method after 6 h (29 and 61 mg/100 g dry basis) [87]. Table 4 illustrates different solvent extraction methodologies and compares results based on the carrot or its by-product sources.





2.5. Advantages and Disadvantages of Non-SFE Methods


The main advantages of solvent-based extraction methods are the low cost and high availability of solvent. Other benefits of such techniques are presented in Table 5. Amongst these methods, the pressurized fluid extraction technique is one of the new methods of extracting carotenoids that features lower operating temperature and reduction in the use of the solvent [85]. With reference to the literature illustrated in Table 5, there are considerable disadvantages for conventional extraction methods as they use a large amount of solvents that potentially damages the environment and can affect consumer health.





3. SFE of Hydrophobic Antioxidants


SFE is an ideal isolation technique for separating hydrophobic or non-polar compounds such as tocopherols compared to polar phenolics [93,94,95]. The molecular structure of the compounds determines which kind of technologies are applicable. Non-polar components like neutral lipids, essential oils, and carotenoids are readily extractable by SCCO2. Polar compounds such as polyphenols can be removed through the combination of SCCO2 and GRAS (Generally Recognized as Safe) solvents [94,96]. New technologies under the category of “Green Chemistry and Engineering” focus on using environmentally-friendly industrial processes [80,94]. Moreover, legal limits restrict the use of organic solvents in food and pharmaceuticals industries due to their potentially hazardous effects on human health [91]. The use of SCCO2 extraction is limited to separation of non-polar and lipophilic compounds; however, this drawback can be compensated by using a few polar co-solvents for enhancing the selectivity of extraction of polar compounds [91]. One of the potential applications of this technique is manufacturing novel products and extracting natural antioxidants [91].



3.1. Extraction of Vitamin E (Tocopherols) by SCCO2


Minor compounds of vegetable oils can be extracted by SFE systems. Optimizing the pressure and temperature can help improve the extraction yield of vitamin E [97] as the solubility of this compound changes with different operating parameters in a SCCO2 system [33]. Previous studies discussed some important information for reducing operating costs in implementation, scale-up of the SCF for extraction, purification and concentration [98]. A good example for implementation of SCF systems is the optimization for the separation of α-tocopherol and squalene from soybean deodorizer distillation on an industrial scale using response surface methodology by Wang et al. [98].



Table 6 illustrates the recovery yields of tocopherols reported in various studies. The highest yield (99%) belongs to tocopherol extraction from canola deodorizer distillate, which was achieved at a pressure of 250 bars and a temperature of 40 °C. Uquiche et al. [24] demonstrated that SCCO2 extraction of oil from canola press cake had higher oil yield and higher contents of tocopherol and stigmasterol relative to extraction by a solvent (hexane).




3.2. Extraction of Carotenoids by SCCO2


SFE is a suitable technique for recovery of carotenoid compounds from carrot, carrot oil, and tomato skin, as they can have a high solubility in non-polar SCCO2 media [105]. Their large molecular weight, however, can cause solubility reductions. To remedy this problem, some modifiers, such as ethanol and canola oil, are utilized to improve the extraction yield [33]. Furthermore, heat, light, and oxygen accelerate isomerization and oxidation of conjugated bonds in carotenoids which can influence their pigmentation, antioxidant activity and instability [106]. Contrary to non-SFE methods, the cis-trans isomerization increases the solubility of carotenoids in SCCO2, while it degrades color concentration and the activity of pro-vitamin A [107]. Extraction aids, including unsaturated oils, organic solvents, peroxides, metals, and enzymes, can increase oxidation rates and decrease carotenoid stability and their antioxidant properties in various non-SFE methods [33,108]. SFE can prevent oxidation and degradation of the antioxidant activity of the carotenoids by optimizing the pressure and temperature and it can also improve the extraction of the more stable (trans) form of carotenoids [33,108].



According to Mattea et al. [46], extraction of carotenoids, specifically β-carotene, lutein, and lycopene, is achievable by SCF technology because CO2, a non-solvent fluid, can decrease the degradation of antioxidant activities. This attribute combined with increasing social interest for green extraction methods results in new commercial opportunities. Table 7 shows the effect of pressure and temperature on carotenoid extraction yield from different sources by SCCO2. From different sources of carrots, crude carrot oil provided much higher carotenoids compared to freeze dried and tray dried carrots (Table 7).




3.3. Comparison between SFE and Other Extraction Methods


According to Table 8, SCCO2 provides better mass transfer as it has a lower viscosity, surface tension, and density, and higher diffusivity than conventional solvents [63,91]. This technique allows selective extraction, fractionation, and purification by penetrating into micro and macro porous components [63]. Moreover, results from this review showed solvent extraction yield of the carrot was just 30% higher (52–61 µg/g) than SCCO2 extraction yield (25–43 µg/g). However, the vitamin E recovery yield from various plant-based oil sources shows higher yield (84–100%) [97,98,100,102,103,104] than solvent-extracted vitamin E (around 80%) (Table 8). Therefore, it can be concluded that SCCO2 extraction works effectively for extraction of tocopherols.



Many researchers have conducted lab-scale and modelling studies to define scale-up optimized parameters such as particle size [112,113]. Kinetic studies on the different parameters can suggest the most apt scale-up methodology [114,115]. Some studies have shown pilot scale level extraction provides a better yield than laboratory scale [116].
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Table 8. Advantages of SFE of vitamin E and carotenoid in comparison with non-SFE techniques.






Table 8. Advantages of SFE of vitamin E and carotenoid in comparison with non-SFE techniques.





	
Properties

	
SCCO2

	
Non-SFE

	
Refs.






	
Energy consumption and its cost

	
Low temperature is needed because the critical temperature of CO2 is low (31.1 °C)

High energy efficiency is obtained when SFE recovers butanol

	
For increasing solubility higher temperature is preferred

Energy efficiency for butanol recovery, between 3.5 and 30-fold, is higher than SFE

	
[60,63,117]




	
Cost at high purity

	
Low

	
High

	




	
Cost of manufacturing

	
Low and competitive with conventional technologies.

	
Solvent and its removing cost are larger than equipment cost

	
[33,36]




	
Toxicity

	
No

	
Yes

	
[60,91]




	
Flammability

	
No

	
Yes

	
[91]




	
Availability amount

	
Enormous

	
Less than CO2




	
Suitability for extracting heat labile, natural compounds with low volatility and polarity

	
Perfect as no thermal degradation and decomposition happens, no oxidation because of absence of light and oxygen

	
Lower stability because of higher temperature, longer time and oxidation, particularly for antioxidants, can be occur easily

	
[60]




	
Post-reaction separation

	
Rapid evaporation occurs as CO2 has high volatility

	
Solvent evaporation is more time and energy consuming and leaves solvent residue

	
[63,118,119]




	
Quality of extracted compounds

	
Keeps better natural flavor, fragrance in food supplements and nutraceutical products and biological properties in cosmetic and pharmaceutical products, has GRAS status

	
poorer reproduction of flavors and smell, the color quality of solvent extracted pigment is not as good as SCF extracted colorant

	
[46,91,120,121]




	
Compatibility with natural non-polar and low-polar compounds

	
Suitable for natural compounds that have low polarity and volatility

	
Organic solvents, such as hexane, are needed for low polar natural compounds

	
[38,91]




	
Antioxidant activity

	
Higher concentration of vitamin E is reported; for example, the SCCO2 extract of sesame seed contains up to 47 µg/mL

	
Hexane extractions have a significantly lower concentration of vitamin E; e.g., extracts of sesame seed has 25 µg/mL.

	
[33]




	
Purity

	
Total removal of free fatty acids from tocopherol mixtures is the main advantage

	
Free fatty acids may not separate completely

	
[63,119]




	
Control of physiochemical properties of fluid (density, dielectric constant and viscosity)

	
The physiochemical properties of CO2 can easily be regulated by altering pressure and temperature without passing phase boundaries

	
Solvents do not have this benefit

	
[60]




	
Solvent power

	
High-diffusion coefficient, low-viscosity, zero surface tension help solvent penetrate fast

	
Solvent molecules penetrate plant tissues with difficulty

	
[38,60]




	
Eco-friendliness

	
It is a green technology because of using CO2 gas

	
Due to high consumption of solvent

	
[43]













4. Conclusions


This review has focused on the extraction of antioxidant compounds from a horticultural and a field crop (carrot and canola), and, specifically, processing by-products or co-streams that are underutilized in current process technologies. The data show that while solvent extraction is a simple and easy way to extract antioxidants from soybean deodorizer distillate and canola deodorizer distillate and carrot by-products, there are some important factors contributing to the suitability of SFE systems versus non-SFE methods. These factors include energy, time, chemical materials, product quality, and environmental safety. Two technological gaps in the extraction of bio-compounds by using SCF systems can be found. Many studies have carried out the optimization procedure for obtaining higher extraction yield based on five factors of time, temperature, pressure, modifier percentages, and CO2 flow rate. However, the particle size of an extractable substrate is one key factor which has been studied the least, and it may play a significant role in antioxidant extraction yield [122]. Another gap pertains specifically to canola. Khattab et al. [123] showed that canolol is a potentially lipid-soluble and antimutagenic compound which has potential antioxidant and anti-radical scavenging activities. Therefore, extraction of canolol, a non-polar compound, presents an opportunity for the industry and SCCO2 extraction of canolol from by-products of canola processing should be explored in the future. SCCO2 works better than other non-SFE methods for extracting tocopherols and carotenoids due to (i) equal or higher extraction yields and (ii) greater bioactivity of extracted antioxidants. Pressure, temperature, and time are three major and effective parameters in SFE. Optimization of these main variables, and, in some cases, other additional variables such as co-solvent percentage, can help in formulating statistical models for maximizing the extraction yield and reducing the cost. Pressure is more effective than other parameters for the extraction yield of tocopherol. For carotenoid extraction, both pressure and temperature have a large impact on extraction yield by SFE systems. SFE systems have a wide range of advantages, such as lower cost of extracted valuable compounds relative to non-SFE methods, eco-friendliness, and having good solubility characteristics for a range of compounds from simple to complicated. A critical future outlook on the use of SCF technologies offers an easy and selective separation technique to produce high-value, food-grade, and safe products with high-purity in an ecofriendly manner. The most economical method of production of high-quality antioxidants is integration and a combination of operation units. For example, for separating tocopherols, squalene, and phytosterols from olive pomace or extracted oil, SCF extraction and fractional separation can be conducted in two consecutive steps. Coupling processes reduces the cost of supercritical processing and increases the valuable minor components’ quality. A key issue for SCF systems is the effective re-using and recycling of CO2 in all the different process steps [124]. Other future studies are related to supercritical micronization and impregnation, which provide fine particles with customer design properties for application in the food, feed and pharmaceutical industries [125].
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Figure 2. Carotenoid fractions [45]. * promoters of vitamin A. 
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Figure 3. Edible oil refining process [63,66]. 
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Table 1. Physical properties of CO2 at different states [19,55].






Table 1. Physical properties of CO2 at different states [19,55].





	CO2 State
	Pressure (bar)
	Temperature (°C)
	Density (kg/m3)





	Triple point
	4
	−57
	1179



	Liquid, saturated
	14
	−29
	1072



	Liquid, saturated
	21
	−17
	276.8



	Liquid, saturated
	34
	0
	234.5



	Liquid, saturated
	58
	21
	762



	Critical point
	74
	31
	468
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Table 2. Different solvent extraction methods for tocopherols and sterol recovery from vegetable oil deodorizer distillate.
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	Methodology
	Yields
	Ref.





	Modified soxhlet extraction then cold saponification
	38% tocopherols and 55.5% free phytosterols
	[68]



	Esterification of free fatty acids (FFA) with sterols and methanol then molecular distillation (MD)
	72% purified tocopherols (yield, 88%) and 97% purified steryl ester (yield, 97%)
	[69]



	Enzymatic esterification of FFAs with MeOH at 29 °C with water content of 21% for 18 h
	No significant tocopherols losses
	[67]



	Enzymatic esterification then MD
	95% of sterols and 65% tocopherols
	[70]



	Chemical modification (saponification) then MD in 5 steps
	Concentration of tocopherol was 5.8 times higher in tocopherol enrichment than original feed
	[71]



	Enzymatic modification of FFAs then short-path distillation (SPD)
	90% sterols and tocopherols
	[72]



	Enzymatic alcoholysing with methanol then SPD
	76% purified tocopherol (yield, 90%) and purified sterols 97% as fatty acid steryl esters (yield, 86%)
	[73]
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Table 3. Different solvents and their properties for carotenoid extraction [38].
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	Solvents
	Antioxidant Type
	Property





	Hexane
	Lycopene, α and β-carotene
	Best solvent for these non-polar

antioxidants



	Ethanol
	Carotenoids and xanthophylls
	High efficiency for these compounds



	Ethyl lactate
	Trans-cis-lycopene, β-carotene and astaxanthin
	Green and selective for these carotenoids
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Table 4. Solvent extraction methods for carotenoid recovery from carrots and carrots by-products.
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	Method of Extraction
	Results
	Ref.





	Pressurized fluid
	80% recovery after 20 min
	[79]



	Solvent
	Optimum results at 40–60 °C after 2–4 h
	[88]



	Solvent
	61 (mg/100 g dried base) after 6 h
	[87]



	Microwave-assisted
	52 (mg/100 g dried base) after 3 min
	[87]
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Table 5. Different solvent extraction methods and their advantages and disadvantages for extracting vitamin E and carotenoids.
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Type

	
Method

	
Advantages

	
Disadvantages

	
Refs.






	
Vitamin E

	
Solvent extraction and crystallization

	
Tocopherol oxidation does not happen

	
High amount solvent is desired and this definitely is not environmentally-friendly. As compared to the quantity of extractable material, extra processes are required for solvent removal.

	
[63,89,90]




	
High pressure is not required

	
Un-saponifiable components of the solvent mixture needs to be separated from free fatty acids so the recovery percentage and recycling of the solvent mixture are wasteful and unreasonable. Therefore, this method results in low purity of sterols (e.g., 36% purity for single-stage batch crystallization of the hexane/enriched deodorizer distillate)




	
Extracting by anionic exchange resin

	
High adsorption of tocopherols when the mixture of tocopherol-contain materials and polar solvent contact with the strongly basic anionic exchange resin

	
Resins have low capacity, are expensive, apt to clog, lose efficacy, work for short time, and is time-consuming

	
[40]




	
Solid-liquid extraction with organic solvents

	

	
Leave non-desirable solvent residues and solvent removal may cause oxidative transformation

	
[60,91]




	
Enzymatic-assisted extraction

	
Enzymes such as Candida rugosa and Pseudomonas spp. lipases allow concentration and purification of tocopherols from SODD by hydrolysis of the acylglycerols, esterification of sterols and methylation of free fatty acids and turn them to the free fatty acids, steryl esters and fatty acid methyl ester.

	
Many parameters such as time, enzyme percentages, molar ratio of reactants, and solvent percentages need to be determined to optimize the reaction. Separation of free fatty acid from sterols could be incomplete: for example, in one study, the conversion rate of sterol to steryl ester was 97%, but their recovery was nearly 86%.

	
[63,67,73]




	
In sterol esterification, methanol is needed for methylation of free fatty acids; however, it acts as an inhibitor as well. Using an enzyme such as Candida lipase can mitigate this problem by promoting the esterification of sterols with free fatty acids

	
High-volume of solvent is required for esterification of tocopherols and sterols and it is time-consuming process (e.g., 40 h for lipase treatment)




	
Converting sterols to steryl esters for easier separation of tocopherols by lipase can result in high degree of purity (90%)

	
It is a complex methodology because of requirements for de-acidification, flash chromatography, and solvent fractionation for final purification




	

	
Molecular distillation

	
Separation of different molecules with various molecular weights is feasible by distillation

	
Free fatty acids residues remain in the tocopherols mixture and high purity is not achievable due to the similarity of the boiling point of sterols and tocopherols

	
[63]




	
Carotenoids

	
Pressurized fluid extraction (PFE)

	
Lower amount (approximately half) of solvent required when compared to conventional solvent extraction techniques

	
Environmentally hazardous

	
[79,85,86]




	
Lower temperature

	
Costly as expensive disposal procedures are required




	
Pressure increases mass transfer

	
Moisture absorbent agents are needed to improve yield




	
Solvent extraction and distillation

	

	
Low extraction yield is obtained due to the difficulty of solvent molecules to penetrate plant tissues; a large amount of toxic solvent is needed and solvent residue is left in the products

	
[38,88,92]




	
Solvent extraction with microwave assisted

	
Shorter time (20 min) as compared with traditional techniques (90 min or longer)

	

	
[87]
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Table 6. Extraction of vitamin E by SCCO2 technology.
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	Oil Source
	Pressure (Bar)
	Temperature (°C)
	CO2 Flow Rate (L/min)
	Modifier (L/h)
	Feed Flow Rate (L/min)
	Time

(min)
	Other Conditions
	Results
	Ref.





	Soybean sludge
	200–400
	35–70
	-
	6–30
	-
	-
	-
	Tocopherols 40%
	[93]



	Synthetic mixture of α-tocopherol, squalene, fatty acids and sterols
	200
	80
	13
	Ethanol 0.1
	4.6 × 10−5
	90
	
	Tocopherols 60 wt.% Solubility of α-tocopherol was better than squalene and sterols
	[99]



	Soybean oil deodorizer distillate (SODD)
	240–310
	70–90
	400
	-
	-
	-
	Temperature controlled in two parts, (1) extractor and (2) re-boiler (bottom), increase in the average value of concentration factor from 1.38 (part 1) to 1.70 (part 2) and decrease in total fatty acids
	Tocopherols 84%
	[100]



	SODD
	180
	60
	-
	-
	-
	-
	-
	Tocopherols enriched ten times more than the original concentration in the feed
	[101]



	SODD
	160–300
	40–60
	Constant adsorption CO2 flow rate 0.0051
	-
	-
	60
	Used pressure swing adsorption device (include adsorption and desorption columns)
	Tocopherol 90% and 60% purity of α-tocopherol
	[98]



	Canola deodorizer distillate
	90–350
	40–80
	-
	-
	-
	-
	-
	Stigmasterol and tocopherol 100% at 250 bar and 40 °C with concentration factor = 104
	[102]



	SODD
	150
	40
	-
	-
	9.3 × 10−3
	-
	-
	Tocopherols 89%
	[102]



	Sunflower oil deodorizer distillates
	150–230
	65
	0.05
	-
	3.3 × 10−3
	60
	Counter-current SCCO2 extraction from ethylated deodorizer distillates oil
	Tocopherols 96% and phytosterol 86%
	[103]



	SODD
	180
	40–75
	0.05
	-
	6.6 × 10−4
	300
	-
	Tocopherols 80%
	[104]



	Canola seed powder
	180
	70
	0.001
	-
	-
	30
	60 min holding time
	Tocopherols 88%
	[97]
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Table 7. Carotenoid extraction by SCCO2 technique.
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Source

	
Pressure

(Bar)

	
Temperature

(°C)

	
Carotenoid

Compound

	
Extraction Yield

(µg/g)

	
Optimum

Conditions

	
Ref.






	
Freeze dried carrots

	
120–327

	
40–50

	
β-carotene

	
33

	
-

	
[109]




	
α-carotene

	
16




	
Crude carrot oil

	
276–551

	
40–70

	
β-carotene

	
172–387

	
after 4 h

	
[42]




	
α-carotene

	
138–330




	
lutein

	
23.5–37.5




	
Total carotenoids

	
339–745




	
Tray dried carrots

	
300–400

	
40–55

	
Total carotenoids

	
50

	
at 45 °C and 350 bar after 6 h

	
[45]




	
Tomato Skin

	
200–500

	
40–100

	
Total carotenoids

	
94%

	
at 400 bar and 100 °C

	
[110]




	
Persimmon powder

	
100–300

	
40–60

	
All trans-lutein, -zeaxanthin and -β-cryptoxanthin

	
16, 17, and 33

	
at 300 bars, 60 °C after 30 min

	
[111]




	
All trans-β-carotene

	
11

	
at 100 bars, 40 °C, after 30 min
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