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Abstract

:

Cotton stalks are residual biomass resulting from cotton bud harvesting, and they are composed primarily of lignocellulosic material. This material could be a source of functional polyphenols. To investigate this prospect, this study was undertaken with the view to examining whether an ethanol-based organosolv treatment could be suitable for producing extracts enriched in polyphenolic compounds. To this end, alkali catalysis was employed, and two catalysts, sodium hydroxide and sodium carbonate, were tested. The initial approach based on treatment severity showed that both catalysts may be equally effective in the recovery of polyphenols, yet in most cases studied, no clear trend between treatment severity and total polyphenol yield was recorded. The following study, based on response surface methodology, provided optimized conditions for both treatments, sodium hydroxide and sodium carbonate, where the recommended catalyst concentrations were 0.67 and 4%, respectively. Under a constant temperature of 90 °C and residence time of 300 min, the treatments with sodium hydroxide and sodium carbonate afforded total polyphenol yields of 18.4 ± 1 and 15.6 ± 1.9 mg CAE g−1 DM, respectively, which showed no significant statistical difference (p > 0.05). However, high-performance liquid chromatography analyses revealed that the sodium carbonate-catalyzed treatment produced extract particularly enriched in two hydroxycinnamate derivatives, ferulic and p-coumaric acid. This extract also exhibited increased antioxidant activity. The outcome of this study strongly suggests cotton stalks as a bioresource of functional substances, while mild alkali-catalyzed ethanol organosolv treatment appears to be a very promising technique for effectively delivering hydroxycinnamate-enriched extracts.
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1. Introduction


The agricultural sector is a critical part of the world’s economy, providing food resources to sustain the global population, but also several industrial crops and products, which are the raw materials for a spectrum of commodities essential to human wellbeing. As a result of the unprecedented intensification of agricultural production, there is, to date, an ever-increasing accumulation of waste biomass, which stems from farming practices (i.e., pruning, exfoliation), post-harvest handling (i.e., losses due to damaged products, rejection of defected products), and processing to remove undesired tissues (i.e., roots, peels, stems, stalks, etc.). The inappropriate handling and disposal of these residual materials may bring about detrimental consequences to ecosystems by provoking severe pollution and environmental degradation [1].



On the other hand, it has been well documented that agricultural side streams are composed of an array of bio-organic molecules, which may be used as feedstock for the generation of energy (i.e., biofuels), chemical building blocks (platform molecules), and the production of high-value-added compounds, such as natural antioxidants and pigments [2,3,4]. On this basis, the role of biorefinery strategies is of paramount importance, offering innovative and pioneering routes for waste biomass exploitation and bioproduct development. Such approaches may then be integrated into wider policies for establishing sustainable production systems, within a general bioeconomy framework [5,6].



The biomass derived from plant tissues such as barks, stalks, and stems may be characterized by high recalcitrance, owing to compact matrices occurring in plant tissues, which are largely composed of structures of particular complexity, such as lignocellulosic networks. Thus, a primary target in converting plant material into valuable substances is the disintegration of the plant tissue structure and the untangling of the lignocellulosic complex. Such processes may afford bio-polymers, including lignin, hemicellulose, and cellulose, at varying yields and degrees of purity. To achieve such a goal, the state-of-the-art techniques employ harsh conditions of temperature, time, and acid or alkali catalysts to disrupt lignocellulosic structures and obtain, mainly, cellulose, free from lignin and hemicellulose, which can then be readily accessible by hydrolytic enzymes and effectively converted into fermentable sugars [7,8]. One major route to perform such a task is the so-called organosolv pretreatment, which consists of exposing the biomass to media composed of water/solvent mixtures and relatively increased temperatures. This pretreatment stage results in efficient removal of lignin and hemicellulose, yielding usually high-purity cellulose [9].



However, approaches such as those mentioned above are focused on delivering a specific family of molecules (sugars), which can be utilized either as a platform compound or as a fermentation substrate to produce bioethanol. The recovery of other high-value-added chemicals, such as polyphenols, is largely disregarded, and this might limit both the applicability and the profitability of similar processes within a biorefinery concept. Recently, techniques such as organosolv treatment have been explicitly proposed as effective means of recovering polyphenolic phytochemicals from plant food processing wastes, such as olive leaves [10] and orange peels [11]. Thus, the concept of organosolv treatment has been expanded to high-value-added compounds as a particularly promising technique.



Cotton (Gossypium) is a perennial plant commercially cultivated as an annual plant in many areas around the globe. The most utilized part of the plant is the cotton bud, which is the raw material for a multitude of industrial products, such as textiles, livestock feed, edible oil, personal care, medicinal products, etc. [12]. Cotton fiber has many convenient attributes, such as color retention, strength, and absorbency, and therefore it is not surprising that world cultivation rose to an approximate production of over 23 million tons in 2013–2014. This increase entailed the generation of tons of waste remaining after harvesting and processing (ginning), consisting mainly of cotton post-harvest field residues, gin trash (CGT), and seed meal resulting from cottonseed oil production [13].



Post-harvest residues are the remaining parts of the cotton plant left in the field, primarily the stalks of the plant, a side stream of bud harvesting. This waste biomass is usually exploited as soil compost, and thus hitherto has only been added to the value chain at a low level. However, a few reports have documented the occurrence of bioactive polyphenolic substances, including p-coumaric acid and ferulic acid [14], but also gallic acid, protocatechuic acid, p-hydroxybenzoic acid, and flavonoids such as quercetin and apigenin [15]. On this conceptual basis, the examination described herein had, as its scope, to study the ethanol-based organosolv treatment of cotton stalks, with the aim of (i) investigating the possibility of recovering polyphenolic phytochemicals, and (ii) optimizing polyphenol release/recovery. Treatment appraisal was based on both the severity and response surface optimization, as well as on the composition of the extracts generated. This was achieved by tentatively identifying the principal polyphenolic constituents detected in the extracts. Antioxidant activity was also used as an additional criterion of treatment assessment. To the best of the authors’ knowledge, this is the first study on alkali-catalyzed ethanol-based organosolv treatment of cotton stalks for bioactive polyphenol recovery.




2. Results and Discussion


2.1. Treatment Severity and Catalyst Effects


The examinations pertaining to the effect of treatment severity and the role of the two alkali catalysts tested, sodium hydroxide (SoHy) and sodium carbonate (SCar), were appraised by determining the combined severity factor (CSF) and the alternative severity factor (CSF’). To investigate these effects over a range of severities, treatments were performed under various combinations of catalyst concentration and holding time.



The results obtained using SCar as the catalyst are presented in Table 1, and it can be seen that significantly higher YTP (16.2 ± 1 mg CAE g−1 DM) was attained with a catalyst concentration (CSCar) of 4% and holding time of 300 min (p < 0.05). These conditions corresponded to a CSF of −9.75 and CSF′ of 7.11. By contrast, combinations including higher CSCar with any holding time (60–300 min) resulted in significantly lower YTP (p < 0.05). This fact indicated that a CSCar higher than 4% did not favor the recovery of total polyphenols.



For the SoHy-catalyzed treatment, significantly higher YTP was achieved with a CSoHy of either 0.5 or 1% and a holding time of 300 min (p < 0.05). However, the CSF′ for the treatment with a CSoHy of 0.5% was significantly lower compared to the corresponding for the treatment with a CSoHy of 1% (p < 0.05). Thus, effective treatment was accomplished with a CSoHy of 0.5%, at 300 min, which corresponded to a CSF′ of 7.99 (Table 2).



To ascertain whether YTP exhibited any correlation with treatment severity, linear and non-linear regressions between YTP and either CSF or CSF′ were attempted (Figure 1). The results obtained showed that a statistically significant linear correlation existed only for the SoHy-catalyzed treatment, described by the following model:


YTP = 3.20CSFSoHy + 52.20 (R2 = 0.72, p = 0.0038)



(1)







For all the other cases examined, no significant linear or quadratic correlation was seen. This outcome suggested that increased severity of either SoHy or SCar-catalyzed treatment did not produce a proportional effect with regard to YTP. Therefore, it could be argued that YTP can be maximized only under specific combinations of catalyst concentration and holding time. This finding contrasts with previous studies, which demonstrated that increases in polyphenol recovery from wheat bran were directly associated with elevated levels of severity, using pressurized water/ethanol mixtures [16]. Later studies on wheat bran were in close accordance, illustrating a significant correlation between the severity of acid/alkaline ethanol organosolv treatment with total polyphenol yield [17]. A very high correlation between YTP and either CSF or CSF′ was also found for the alkali-catalyzed organosolv treatment of oat bran [18], aiming at maximizing polyphenol recovery.




2.2. Treatment Optimization


As pointed out above, the projection of total polyphenol yield as a function of treatment severity did not reveal any specific pattern. Thus, to obtain a deeper understanding of the effect of both catalyst concentration and holding time on total polyphenol recovery, an experimental design was set up to perform a response surface optimization. Such an approach was deemed appropriate to distinguish possible differences between mild (SCar) and strong (SoHy) catalysis.



However, the severity-based examination evidenced that both treatment variables, catalyst concentration and holding time, may play key roles in polyphenol recovery from cotton stalks. Therefore, holding time, t, and catalyst concentration, C, were chosen as the treatment (independent) variables. The response surface approach had, as an objective, to better evaluate the effect of the independent variables, but also to spot possible synergistic (cross) functions between them. The overall assessment of the models derived from the response surface optimization was based on analysis of variance (ANOVA) and lack-of-fit tests (Figure 2 and Figure 3) considering predicted and measured values proximity (Table 3).



The inset tables “Parameter estimates” in Figure 2 and Figure 3 display the significance of each individual term of the models constructed through the implementation of response surface methodology. By including only the significant terms (p < 0.05), the models (mathematical equations) describing the effect of catalyst concentration (X1) and holding time (X2) were as follows:


YTP(SoHy) = 17.40 − 0.66X1 + 1.12X2 (R2 = 0.90, p = 0.0140)



(2)






YTP(SCar) = 12.50 − 1.89X1 + 1.17X2 (R2 = 0.90, p = 0.0141)



(3)







Taking into account the R2 and p values, it can be argued that both models exhibited satisfactory fitting to the experimental data. On the basis of these models, contour plots were constructed (Figure 4), depicting the effect of the treatment (experimental) variables on the response (YTP) and revealing the differences between the two catalysts studied.



For both the SoHy- and the SCar-catalyzed treatments, both C (X1) and t (X2) were significant (p < 0.05). On the contrary, cross terms (quadratic effects) of either C or t were non-significant. Moreover, in both cases, the term X1 (C) exerted a negative effect, which clearly demonstrated that effective polyphenol recovery may be carried out with low catalyst concentration, irrespective of the catalyst type (SoHy or SCar). By contrast, the positive effect of X2 (t) was clear evidence that extending holding time, up to the limit used in this study, can lead to higher YTP.



To estimate the theoretical optimal values for both C and t, but also the maximum predicted response, the desirability function was used (Figure 2A and Figure 3A). For the SoHy-catalyzed treatment, the optimum conditions were CSoHy = 0.67% and t = 300 min. Under these conditions, the maximum YTP was estimated to be 18.4 ± 4 mg CAE g−1 DM. Likewise, the optimum estimated conditions for the SCar-catalyzed treatment were CSCar = 4% and t = 300 min, providing a maximum YTP of 15.6 ± 1.9 mg CAE g−1 DM, which was 15.3% lower than that achieved in the SoHy-catalyzed treatment, but not significantly different (p > 0.05). This outcome suggested that, by maintaining the same holding time, similar polyphenol recovery levels may be attained by replacing the corrosive SoHy with the benign SCar. To test model credibility, three experiments were carried out under the theoretical optimum conditions for each catalyst used (SCar and SoHy). The corresponding YTP obtained were 14.5 ± 2.4 and 19.7 ± 3.3 mg CAE g−1 DM. This outcome highlighted the validity of the models derived.




2.3. Polyphenolic Composition


The examination of the composition of the cotton stalk extracts produced by the SoHy- and SCar-catalyzed treatments included initially an assessment of the catalyst effect. As can be seen in Figure 5, the treatment using pure water instead of aqueous ethanol gave a significantly lower YTP (p < 0.05).



When 20% aqueous ethanol was used instead, the YTP level was increased by 2.26-fold. This finding pointed to the significant role of ethanol in the treatment. However, when the optimum concentration of SCar (4%) or SoHy (0.67%) was incorporated into the 20% aqueous ethanol, the YTP obtained was not significantly higher (p > 0.05). This was evidence that the role of ethanol might be more pronounced, while the effect of both catalysts was put in question. Apparently, the addition of either catalyst had practically no effect on polyphenol recovery. Therefore, to obtain a deeper insight into the polyphenolic composition of the extracts produced, high-performance liquid chromatography (HPLC) analyses were carried out. In the extract generated with pure water, two substances were tentatively identified, based on the retention time of the original standards, p-coumaric acid and ferulic acid (Figure 6). The same constituents were also detected in the extract obtained with 20% ethanol, and no major differences were seen in the chromatographic profile.



On the contrary, the extract produced with SCar-catalyzed hydrothermal treatment displayed dominant peaks corresponding to p-coumaric and ferulic acids, whereas these peaks were much less distinct in the extract produced from the SoHy-catalyzed treatment. To have a more detailed image of the composition of these extracts, quantification was also performed, and the analytical results are shown in Table 4. Taking into consideration these data, it is clear that the SCar-catalyzed treatment afforded extract that was significantly more enriched in both p-coumaric and ferulic acids compared to all other extracts tested. The yield of both these polyphenols was also higher with the SoHy-catalyzed treatment, compared to yields obtained with treatments performed only with water or aqueous ethanol. This outcome demonstrated that (I) the presence of either catalyst was essential in boosting p-coumaric acid and ferulic acid recovery, and (II) SCar was a more effective catalyst compared to SoHy.



In early investigations on the composition of cell wall components of cotton stalks, ferulic acid was amongst the predominant compounds detected, accompanied by smaller amounts of p-coumaric acid [14]. It has also been shown that conventional solvent extraction may afford extracts relatively rich in protocatechuic acid and catechin, whereas ferulic and p-coumaric acids are less abundant [15]. Thus, the fact that increased p-coumaric and ferulic acid recovery required alkali catalysts suggests that these two polyphenols may be bound to macromolecular matrices, e.g., lignocellulosic complexes. Such evidence regarding the presence of lignin-linked p-coumaric and ferulic acid has been reported for cotton stalks [19]. For other lignocellulosic materials (bamboo), biomass treatment yielded substantial amounts of p-coumaric and ferulic acid, which indicates the existence of a lignin–carbohydrate complex [20].



In grass lignocellulosic fractions, ferulic acid is attached to cell wall arabinoxylans via ester bonds [18,21]. Ester bonds may be effectively cleaved by alkaline hydrolysis, and ferulic acid can be adequately released. Furthermore, hydroxycinnamates such as p-coumaric and ferulic acid may also function as cross-linking agents between lignin and cell wall polysaccharides, onto which they are bound with alkali-labile ester bonds [22]. Ferulic acid is also a lignin network constituent, linked to it with ester bonds. It has been reported that enhanced lignin solubilization boosts ferulic acid release [23], and in this regard, ethanol could play a crucial role by assisting lignin solubilization [24]. Ethanol could also contribute to easier accessibility to ester bonds by the alkali catalysts (SCar and SoHy), which is the rate-limiting step of hydrolysis and liberation of hydroxycinnamates [23]. It has been suggested that lignin breakdown and solubilization may further enhance ferulic acid release. In ethanol organosolv treatments, lignin breakdown can be brought about by extensive splitting of α-aryl and β-aryl ether linkages [22,24]. These reactions break down large lignin polymers into smaller fractions, and thus higher lignin solubilization may be enabled.



Alkaline treatments can largely facilitate lignin solubilization [25], which can be further enhanced by ethanol [26]. Alkali-solubilized lignin has been tightly associated with ferulic acid release [23], and this could be another reason for the increased ferulic acid yield achieved in this study under the conditions employed. Ester bonds holding ferulic acid on cell wall polysaccharides may be broken down even under mild alkaline conditions, and appropriate regulation of temperature can accelerate the process [27]. However, temperature increases beyond a certain level might not be favorable for effective hydroxycinnamate recovery. It has been reported that treatments at 140 °C for over than 40 min were unsuitable for increased ferulic acid recovery, probably because of ferulic acid degradation [28]. On the other hand, pressurized hot water treatment yielded maximum ferulic acid amount at 200 °C, with only 3.5 min residence time [29], but treatment with pressurized water/ethanol mixtures afforded maximum ferulic acid amount after 74 min at 160 °C [16]. In thermal treatments, temperature and time are interdependent variables, and appropriate adjustment of treatment temperature and/or time to optimum settings is critical to maximizing hydroxycinnamate recovery.




2.4. Antioxidant Activity


Previous investigations evidenced that extracts enriched in ferulic acid and/or ferulate derivatives might express significant antioxidant activity [13,17]. To examine such an effect and considering that the extracts tested had significantly different compositions (Table 5), antiradical activity (AAR), and ferric-reducing power (PR), assays were performed. The results obtained confirmed that the extract most enriched in ferulic acid, but also p-coumaric acid, exhibited significantly higher AAR (Figure 7).



This extract also possessed the highest PR, yet this was not significantly different from those shown by the control extract produced with 20% ethanol and the one produced with 20% ethanol/0.67% sodium hydroxide. Taking into account the outcome of both tests, there is strong evidence that the major determinant of antioxidant activity is the presence of ferulic and p-coumaric acid.



Such an argument would be in line with earlier findings, which demonstrated that in wheat bran extracts, ferulic acid played a key role in the expression of antioxidant activity, being the major contributor [27,30]. This effect was corroborated by studies involving hydrolysis treatments, where extracts enriched in ferulic acid, obtained after alkaline hydrolysis, displayed more powerful antiradical activity than the extracts obtained with acid hydrolysis [31]. On the basis of these data, it can be stated that the organosolv treatment of cotton stalks resulted in generating extracts enriched in hydroxycinnamate derivatives (ferulic and p-coumaric acid), with increased antioxidant activity. This finding is of particular importance, highlighting for the first time cotton stalks as a source of compounds with prospects in the food industry.





3. Materials and Methods


3.1. Chemicals


The 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) was acquired from Fluka (Steinheim, Germany). Anhydrous citric acid and iron chloride hexahydrate (FeCl3·6H2O) were from Merck (Darmstadt, Germany). Sodium carbonate anhydrous and sodium hydroxide were provided by Penta (Prague, Czech Republic). The radical probe 2,2-diphenyl-1-picrylhydrazyl (DPPH) was acquired from Alfa Aesar (Karlsruhe, Germany), and p-coumaric acid (≥98%) and ferulic acid (≥99%) were from Sigma-Aldrich (Steinheim, Germany). L-ascorbic acid was provided by Carlo Erba (Milano, Italy). All the solvents used for chromatographic determinations were of appropriate (HPLC) grade. The absolute ethanol and Folin–Ciocalteu reagent were provided by Panreac (Barcelona, Spain).




3.2. Cotton Stalks


Cotton (Gossypium hirsutum) stalks were collected from the remaining tissues left in the field, approximately 3–5 days after cotton bud harvesting, from farmland located in the Kampos Grevenon area (Central Macedonia), at an altitude of 477 m. The stalks were transferred to the laboratory within 48 h, freeze-dried for 24 h, and comminuted in a domestic blender. The powder with a mean particle diameter of <400 μm was collected after sieving the ground material and stored at −40 °C until used.




3.3. Alkali-Catalyzed Ethanol Organosolv Treatment


For all the organosolv treatments, 20% (v/v) ethanol/water mixtures were used. This proportion was chosen to avoid sodium carbonate precipitation, which could affect the composition and pH of the treatment solvent. Sodium carbonate and sodium hydroxide were tested as alkali catalysts, and they were added in 20% ethanolic solutions at concentrations of 0.5, 1, and 1.5% (w/v) for sodium hydroxide, and 4, 7, and 10% (w/v) for sodium carbonate. A 60% (v/v) aqueous ethanol mixture and deionized water were also used to carry out control treatments.



For all the experiments, a Duran vial of 25 mL was used as the treatment vessel, and the treatments were accomplished by mixing 1 g of ground cotton stalks with 20 mL of solvent. A temperature-controlled hotplate stirrer (Witeg, Wertheim, Germany) was employed to provide constant stirring at 500 rpm and maintain the temperature at 80 °C. This temperature was selected as a safe limit to avoid the building up of excessive vapor pressure, considering that the solvent systems used were 20% ethanolic solutions. To study the effect of treatment severity, combinations of alkali catalyst concentration and treatment duration (60, 180, and 300 min) were used to attain different severity levels.




3.4. Severity-Based Examination


To study the effect of treatment severity, the following factors were determined [32,33]:


   R o  = t   ×    e   (    T − 100   14.75    )     



(4)






SF = logRo



(5)







Ro may be termed as the severity, and thus SF represents the severity factor, using 100 °C as the reference temperature, and 14.75 as an empirical parameter related to the temperature of the treatment and activation energy.



The combined severity factor (CSF) represents an extension of SF, to take into account the pH of the treatment, which may be crucial in the decomposition of the biomatrix (cotton stalks) treated [34]:


   R o  ′ =  10  − pH     ×   t   ×    e   (    T − 100   14.75    )     



(6)






CSF = logRo′ − pH



(7)







In addition, the alternative form of CSF, termed CFS′, may be regarded as a factor that provides a fairer comparison of the severities of the treatments performed within a wide pH spectrum [34]:


CSF′ = logRo + |pH − 7|



(8)








3.5. Organosolv Treatment Optimization


Given the constant temperature used (80 °C), two other crucial treatment variables, alkali catalyst concentration (C) and time (t), were selected to build up the experimental design for the response surface optimization. A central composite design was implemented, which encompassed 11 design points, 3 of which were the central points. Codification of the variables of the treatment (C, t) was at 3 levels, −1, 0, and 1, and it was computed as described in detail elsewhere [20]. Table 5 displays the levels of the variables in both codified and actual form. The actual ranges of both variables were chosen based on preliminary testing, but also by taking into account previous findings [35]. The significance (R2, p) of the models derived, as well as the significance of each of the model’s coefficients, was assessed based on relevant statistical analyses (lack-of-fit and ANOVA tests), at a minimum significance level of 95%.




3.6. Total Polyphenol Yield and Antioxidant Activity Measurements


A well-established methodology was used to determine the concentration of the total polyphenols in the extracts [36]. The yield in total polyphenols (YTP) was given as mg caffeic acid equivalents (CAE) per g of dry mass (DM). Likewise, both the ferric-reducing power (PR) and the antiradical activity (AAR) were estimated by well-described protocols, reported in detail elsewhere [37]. The results were determined as μmol ascorbic acid equivalents (AAE) per g of DM and μmol DPPH per g of DM, respectively.




3.7. Chromatographic Determinations


A Shimadzu CBM-20A liquid chromatograph (Shimadzu Europa GmbH, Duisburg, Germany), coupled with a Shimadzu SPD-M20A detector and bearing a CTO-20AC column oven, was used. The system was interfaced by Shimadzu LC solution software. Chromatography was carried out on a Phenomenex Luna C18(2) column (100 Å, 5 μm, 4.6 mm × 250 mm) (Phenomenex, Inc., Torrance, CA, USA), maintained at 40 °C. Samples were introduced (injected) into the system by a 20 μL loop. Details regarding flow rate, eluents, and the elution program were reported elsewhere [38]. In short, 0.5% aqueous formic acid and 0.5% formic acid in acetonitrile/water (6:4) were used as eluents A and B, respectively, delivered at a flow rate of 1 mL min−1, and the elution program was: 100% A to 60% A in 40 min, 60% A to 50% A in 10 min, 50% A to 30% A in 10 min, and then isocratic for 10 min. The quantification of both ferulic acid and p-coumaric acid was accomplished at 320 nm using commercial external standards and calibration curves established with standard solutions (0 to 50 μg mL−1; R2 = 0.9980 and 0.9990 for ferulic acid and p-coumaric acid, respectively).




3.8. Statistical Handling and Processing


Linear regressions were computed with SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA). Distribution analysis, design of experiments, and all statistics related to response surface methodology (analysis of variance, lack-of-fit) were performed with JMP Pro 13 software (SAS, Cary, NC, USA). At least two runs were carried out for each organosolv treatment, and all the analyses were done in triplicate. The values reported are average ± standard deviation.





4. Conclusions


Cotton stalks are waste biomass produced from cotton harvesting, yet this byproduct has been poorly investigated as a pool of bioactive phytochemicals. Being a lignocellulosic material, it was suspected that cotton stalks could be used for the recovery of polyphenolic compounds, given the appropriate treatment. The investigation carried out showed that common conventional solvents such as water or water/ethanol mixtures gave poor yields in total polyphenols (less than 40 μg g−1 DM of total hydroxycinnamates), but retrieval was boosted by alkali catalysis, providing yields higher than 280 μg g−1 DM. In this regard, mild catalysis by sodium carbonate was proven more effective, providing extracts particularly enriched in antioxidant hydroxycinnamates. On this basis, this study explicitly proposes cotton stalks as an agricultural residue with high prospects as a source of functional phytochemicals. The perspective arising from the outcome may be very useful in biorefinery strategies, as it embraces an eco-friendly treatment based on green solvents (water/ethanol), benign catalysis (SCar), and the valorization of a biowaste (cotton stalks). Such applications could be a step forward in establishing sustainable routes of agri-food waste exploitation, and a further contribution to bioeconomy consolidation.
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Figure 1. Yield in total polyphenols (YTP) as a function of combined severity factor (A) and alternative severity factor (B), for the organosolv treatments catalyzed by sodium hydroxide (SoHy) and sodium carbonate (SCar). 
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Figure 2. Diagrams illustrating the correlation between actual and predicted values of YTP in the SoHy-catalyzed treatment of cotton stalks (A), and the desirability function (B). The inset tables present the statistics associated with the model derived from the response surface methodology. Values with different colors designated with asterisks are statistically significant (red, p < 0.05; orange, p < 0.01). 
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Figure 3. Diagrams illustrating the correlation between actual and predicted values of YTP in the SCar-catalyzed treatment of cotton stalks (A), and the desirability function (B). The inset tables present the statistics associated with the model derived from the response surface methodology. Values with different colors designated with asterisks are statistically significant (red, p < 0.05; orange, p < 0.01). 
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Figure 4. Contour plots showing the effect of the variation in treatment variables on the response (total polyphenol yield). (A), sodium hydroxide catalysis; (B), sodium carbonate catalysis. 
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Figure 5. Bar plot displaying the yield in total polyphenols achieved after SCar- and SoHy-catalyzed organosolv treatments of cotton stalks. The results from the control treatments (water, 20% ethanol) are also given. Columns designated with different small letters (a, b) represent statistically different values (p < 0.05). 
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Figure 6. Chromatograms of the extracts obtained with the SCar- and SoHy-catalyzed organosolv treatments of cotton stalks. Peak assignments: 1, p-coumaric acid; 2, ferulic acid. 
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Figure 7. Antiradical activity (AAR) (A) and ferric-reducing power (PR) (B) of the extracts produced with SCar- and SoHy-catalyzed organosolv treatments of cotton stalks. The results from the control treatments (water, 20% ethanol) are also given. Columns designated with different small letters (a, b) represent statistically different values (p < 0.05). 
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Table 1. Combinations of sodium carbonate concentration and residence time used in this study to attain various levels of treatment severity, along with the corresponding total polyphenol yields.
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	CSCar (% w/v)
	t (min)
	CSF
	CSF′
	YTP

(mg CAE g−1 DM)





	4
	60
	−10.45 b
	6.41 a
	13.7 ± 0.8 c



	
	180
	−9.97 c
	6.89 c
	13.3 ± 0.9 c



	
	300
	−9.75 c
	7.11 b
	16.2 ± 1 b



	7
	60
	−10.47 a
	6.43 a
	12.5 ± 0.7 c



	
	180
	−9.99 c
	6.91 c
	12.5 ± 0.9 c



	
	300
	−9.77 a
	7.13 b
	13.6 ± 1 c



	10
	60
	−10.50 a
	6.46 a
	8.8 ± 0.6 a



	
	180
	−10.02 c
	6.94 c
	11.2 ± 1.3 c



	
	300
	−9.80 a
	7.16 b
	12.1 ± 1 c







Values within columns with different superscripted letters (a, b, c), are statistically different (p < 0.05).













 





Table 2. Combinations of sodium hydroxide concentration and residence time used in this study to attain various levels of treatment severity, along with the corresponding total polyphenol yields.
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	CSoHy (% w/v)
	t (min)
	CSF
	CSF′
	YTP

(mg CAE g−1 DM)





	0.5
	60
	−11.33 b
	7.29 a
	15.9 ± 1.1 c



	
	180
	−10.85 b
	7.77 c
	17 ± 1.3 c



	
	300
	−10.63 b
	7.99 c
	18.3 ± 1.5 b



	1
	60
	−11.56 a
	7.52 a
	15.5 ± 1 a



	
	180
	−11.08 b
	8.00 c
	17.3 ± 1.6 c



	
	300
	−10.86 b
	8.22 b
	18.5 ± 1.5 b



	1.5
	60
	−11.61 a
	7.57 a
	14.7 ± 1 a



	
	180
	−11.13 b
	8.05 c
	16.5 ± 0.9 c



	
	300
	−10.91 b
	8.27 b
	16 ± 1.5 c







Values within columns with different superscripted letters (a, b, c), are statistically different (p < 0.05).













 





Table 3. The combinations of treatment variables (design points) used for the response surface methodology, and the predicted and measured values of the response (total polyphenol yield—YTP) for each design point.
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Design Point

	
Independent Variables

	
Response (YTP, mg CAE g−1 DM)




	

	
X1 (C)

	
X2 (t)

	
SoHy

	
SCar




	

	

	

	
Measured

	
Predicted

	
Measured

	
Predicted






	
1

	
−1

	
−1

	
15.9

	
15.5

	
13.7

	
13.6




	
2

	
−1

	
1

	
18.3

	
18.3

	
16.2

	
15.6




	
3

	
1

	
−1

	
14.7

	
14.8

	
8.8

	
9.4




	
4

	
1

	
1

	
16

	
16.4

	
12.1

	
12.2




	
5

	
−1

	
0

	
17

	
17.3

	
13.3

	
14




	
6

	
1

	
0

	
16.5

	
16

	
11.1

	
10.3




	
7

	
0

	
−1

	
15.5

	
15.9

	
12.5

	
11.9




	
8

	
0

	
1

	
18.5

	
18.1

	
13.6

	
14.2




	
9

	
0

	
0

	
17.3

	
17.4

	
12.5

	
12.5




	
10

	
0

	
0

	
16.9

	
17.4

	
13

	
12.5




	
11

	
0

	
0

	
17.8

	
17.4

	
12

	
12.5











 





Table 4. Amount of ferulic acid (FA) and p-coumaric acid (p-CouA) recovered after SCar- and SoHy-catalyzed organosolv treatments of cotton stalks. The results from the control treatments (water, 20% ethanol) are also shown.
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	Solvent
	FA

(μg g−1 DM)
	p-CouA

(μg g−1 DM)
	Total

(μg g−1 DM)





	Water
	24.8 ± 0.5 a
	14.6 ± 0.3 a
	39.4 a



	20% Ethanol
	25.5 ± 0.7 a
	13.3 ± 0.4 a
	38.7 a



	20% Ethanol/4% Sodium Carbonate
	233.1 ± 9 b
	55.6 ± 1.9 b
	288.6 b



	20% Ethanol/0.67% Sodium Hydroxide
	81.1 ± 5.3 c
	25.6 ± 1 a
	106.8 c







Values designated with different small letters (a, b, c) are statistically different (p < 0.05).













 





Table 5. The codified and actual values of the treatment variables used to construct the experimental design for the response surface methodology.
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Process Variables

	
Codes

	
Coded Variable Level




	

	

	
−1

	
0

	
1






	
t (min)

	
X1

	
60

	
180

	
300




	
CSCar (% w/v) *

	
X2

	
4

	
7

	
10




	
CSoHy (% w/v) *

	

	
0.5

	
1

	
1.5








* CSCar and CSoHy stand for the concentrations of sodium carbonate and sodium hydroxide, respectively.
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