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Abstract:



Chestnut shells (CS) are an agronomic waste generated from the peeling process of the chestnut fruit, which contain 2.7–5.2% (w/w) phenolic compounds and approximately 36% (w/w) polysaccharides. In contrast with current shell waste burning practices, this study proposes a CS biorefinery that integrates biomass pretreatment, recovery of bioactive molecules, and bioconversion of the lignocellulosic hydrolyzate, while optimizing materials reuse. The CS delignification and saccharification produced a crude hydrolyzate with 12.9 g/L of glucose and xylose, and 682 mg/L of gallic acid equivalents. The detoxification of the crude CS hydrolyzate with 5% (w/v) activated charcoal (AC) and repeated adsorption, desorption and AC reuse enabled 70.3% (w/w) of phenolic compounds recovery, whilst simultaneously retaining the soluble sugars in the detoxified hydrolyzate. The phenols radical scavenging activity (RSA) of the first AC eluate reached 51.8 ± 1.6%, which is significantly higher than that of the crude CS hydrolyzate (21.0 ± 1.1%). The fermentation of the detoxified hydrolyzate by C. butyricum produced 10.7 ± 0.2 mM butyrate and 63.9 mL H2/g of CS. Based on the obtained results, the CS biorefinery integrating two energy products (H2 and calorific power from spent CS), two bioproducts (phenolic compounds and butyrate) and one material reuse (AC reuse) constitutes a valuable upgrading approach for this yet unexploited waste biomass.
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1. Introduction


Lignocellulosic biomass (LB) represents an attractive and renewable resource for the production of biofuels, chemicals, and polymers [1]. This biomass comprises energy crops and residues from agriculture and forestry, which can significantly contribute to the future global energy supply without competing with food sources [2]. Every year, thousands of tons of agro-forestry wastes are generated in Europe, creating severe disposal problems and environmental contamination [3]. Accordingly, one of the current challenges is to find attractive solutions for the rational exploitation of this LB to obtain a double beneficial effect: (i) production of valuable compounds, such as sugars, that can be used for biofuels, polymers and fibers, and bioactive compounds for the food, cosmetic and pharmaceutical industries [4,5,6]; and (ii) elimination of wastes, which represent a source of pollution. These goals can be reached under a biomass-based refinery framework where, analogously to a petroleum refinery, a multiplicity of biofuels, bioenergy vectors and products can be produced from the as much as possible full utilization of the biomass feedstock [7].



Chestnut tree (Castanea sp.) is recognized as one of the most remarkable trees in the world due to its economic importance. Its natural distribution includes three major geographical areas in the world: Asia, with China and South Korea as the world’s leading producers; North America; and Europe, with the European Union countries supplying 10% of the global chestnut fruit production [8]. In 2014, about 187,500 tons of chestnuts were produced and processed in the Mediterranean basin, with Italy, Greece and Portugal representing the main European producers [9]. In particular, they generate 42%, 23%, and 15% of the total European Union chestnut fruit production, respectively. In Portugal, the chestnut production importantly contributes to enhance the balanced development of the territory, as it has a major macroeconomic significance at a regional scale [10]. Through the peeling process, the chestnut industry produces a large amount of a solid residue which represents approximately 10–15% by weight of the chestnut [11]. The most significant fraction of this solid residue is constituted by outer and inner shells, which nowadays are burned as fuel in the industrial plant to overcome disposal problems. However, this practice can create environmental problems because several toxic compounds may be produced, with some of them similar to dioxins (e.g., CO, NOx, long-chain/aromatic hydrocarbons, polychlorodibenzodioxins) [12,13]. Outer and inner chestnut shells (CS) contain 2.7–5.2% (w/w) of phenolic compounds, which exhibit antioxidant activity [14,15,16,17,18], and about 36% (w/w) of sugars as polysaccharides [19] that can be used as feedstock for biofuels production. According to the chestnut production in 2014, approximately 18,750–28,125 tons of solid residues were generated in the Mediterranean basin, which corresponded to about 6750–10,125 tons of polysaccharides [9,11,19]. These residues represent a major utilizable bioresource until now not fully exploited for eco-sustainable solutions.



Chestnut shells constitute a potential feedstock for the fermentative production of energy vectors and bioproducts. Dark Fermentation (DF) in particular enables the production of hydrogen (H2) and organic acids from the most diverse biomass feedstock, and theoretically any sugar-containing biomass can be used as fermentation substrate [20]. Brewery´s spent grain, bagasse and Jatropha hulls are examples of raw materials that have proven their suitability for similar purposes [21,22], but the potential of CS as a valuable feedstock for DF has yet to be evaluated. From previous works, cellulose and xylan were found to be the main polysaccharides present in CS and they can be effectively hydrolyzed (>67% saccharification yield) to fermentable sugars [19]. Clostridium species have been preferentially used for the bioconversion of these hydrolyzates because of their plain medium requirements and comparatively high product yields [23]. Clostridium butyricum is able to ferment complex substrates to H2 and butyric acid and to tolerate wide pH ranges [24], which is an advantage in the implementation of low-cost and big-scale conversion processes for platform chemicals and/or biofuels production. In particular, butyric acid is industrially produced via a chemical synthesis involving the oxidation of butyraldehyde, which is obtained from propylene derived from crude oil [25]. To reduce the fossil fuels dependence, this acid can be alternatively produced by DF. For this purpose, the biorefinery model proposed in the present work integrated one detoxification stage with activated charcoal (AC) upstream to DF to adsorb the polyphenols in the CS hydrolyzate. This provides the double advantage of recovering valuable bioactives but also potentially avoiding inhibitory effects of the phenolic compounds on microbial growth [26,27]. Phenolic compounds are well known as natural powerful antioxidants. They are found in a variety of foods and herbs, and can have potential applications in the food and pharmaceutical industries [11,16,17,28,29,30]. The production of bioactives is expected to increase the overall economic revenue and boost the CS biorefinery main route for bioenergy production.



The goal of the present work was to develop a biorefinery model for the upgrading of CS which could take the best advantage of the chemical composition of this waste biomass. The proposed model targeted the production of H2 and bioactive compounds, the regeneration of AC as detoxification agent, and the potential of the spent CS for heat and power generation. To the best of our knowledge, there is still no report of a CS biorefinery model that represents an efficient arrangement of waste biomass pretreatment, saccharification, bioconversion, materials reuse and process integration, tendentiously oriented for zero-waste and circular economy purposes.




2. Results and Discussion


2.1. Chemical Characterization of Crude and Pretreated CS


The major components of crude CS were Klason lignin (41.7 ± 0.6% CS dry weight) and carbohydrates (41.6% CS dry weight), from which cellulose was the major representative (28.4 ± 0.8% as glucose) followed by xylan (7.9 ± 0.9% as xylose). Galactose (2.8 ± 0.1%), arabinose (2.2 ± 0.3%), and cellobiose (0.3 ± 0.02%) were also present. Due to its recalcitrant nature, LB is usually submitted to a pretreatment stage to improve the accessibility of the lignocellulosic matrix to the enzymes [31]. Accordingly, CS were soaked in aqueous ammonia (5% w/v) for alkaline pretreatment. The Klason lignin decreased to 17.1 ± 0.6% dry weight of the pretreated CS, and cellulose and xylan, quantified as glucose and xylose, accounted for 40.6 ± 1.2% and 12.8 ± 1.3% dry weight of the pretreated solids, respectively. Galactose, arabinose and cellobiose were rinsed from the pretreated CS by the washing necessary to correct the biomass pH to the required value (pH 5.0).




2.2. Saccharification of CS and Detoxification with Activated Charcoal


For the saccharification, the pretreated CS were incubated with a cocktail prepared with a commercially available cellulase, xylanase and beta-glucosidase as described elsewhere [19]. After 72 h incubation at 50 °C and centrifugation, 96% of the supernatant volume, or CS hydrolyzate, was recovered. The concentrations of glucose and xylose in the hydrolyzate were 8.67 and 4.25 g/L, respectively, whereas the total phenolic content was 682 mg Gallic Acid Equivalents (GAE)/L. After the enzymatic digestion of cellulose and hemicelluloses, the resulting hydrolyzate may contain molecules such as organic acids, furans, and phenolic compounds that often act as inhibitors of microbial growth in the subsequent fermentation stage, thus lowering the biofuel production yield [32,33]. Consequently, the hydrolyzates need to be detoxified before fermentation. Several procedures have been described for the removal of inhibitory compounds from LB hydrolyzates in order to limit their negative action on the fermentation [34]. Among these, the extraction with ethyl acetate [35], ion exchange [36], AC adsorption [37] or biological treatments with microorganisms and enzymes [38] can be referred. The treatment with AC is considered an effective method for the removal of phenolic compounds from LB hydrolyzates because of the large surface area of the charcoal particles, high adsorption capacity, and availability [36]. In addition, because some of these potential inhibitory molecules possess strong antioxidant power, their subsequent desorption from charcoal enables the recovery of bioactive compounds that can be further utilized for value-added applications [18,28,30,33,39]. In our experiments, different concentrations of AC were tested to obtain a substantial removal of phenolic compounds, but at the same time minimizing the loss of fermentable sugars. Although a complete removal of phenolic molecules from the hydrolyzate was achieved by using 20% (w/v) AC, a significant decrease in glucose and xylose concentration was also registered (46.5% and 54% (w/v), respectively) (Figure 1). The detoxification with 5% (w/v) AC produced the best compromise, retaining 93.7% (w/v) glucose, 100% (w/v) xylose and only 23% (w/v) phenolic compounds in the detoxified hydrolyzate.


Figure 1. Retention of sugars and phenolic compounds in the CS hydrolyzate, before and after detoxification with AC at 5, 10 and 20% (w/v). Standard deviation (n = 3) is indicated by the error bars (glucose, black; xylose, white; total phenols, grey).
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2.3. Desorption of Phenolic Compounds from Activated Charcoal and Radical Scavenging Activity


Phenolic compounds are molecules with well-recognized biological properties such as antioxidant, antimicrobial, anti-inflammatory and anticancer activities [40,41,42]. Consequently, their recovery from AC is a desirable target, especially because they have impact on the economic interests of the food, pharmaceutical and cosmetic industries. The desorption of the phenolic compounds from 5% (w/v) AC after detoxification of the CS hydrolyzate was tested with several eluent mixtures containing alcoholic or alkaline solutions. Sodium hydroxide, water and alkaline ethanol were chosen according to previous desorption experiments [43,44,45]. Ozkaya [44] recovered 61% of the phenolic molecules adsorbed on charcoal by using 0.15 M sodium hydroxide, but the further increase of the eluent alkaline concentration did not lead to additional desorption. Conversely, 99% recovery was achieved by Qadeer and Rehan [45] by using 0.5 M sodium hydroxide for desorption of a mixture of phenol, pyrogallol, picric and salicylic acids from charcoal. These results allowed us to suppose that the capability to reach a significant recovery yield depends not only from the eluent but also from the type of phenolic molecules. Therefore, in the present study, higher concentrations of sodium hydroxide were tested, in addition to a mixture composed of sodium hydroxide and ethanol to investigate possible synergic effects. Water was used as reference and produced the lowest desorption yield (only 7.3% of the total phenolic compounds adsorbed on AC were effectively desorbed) (Figure 2). The highest desorption yield (65.3%) was obtained when AC was treated with 2 M sodium hydroxide/ethanol (1:1 v/v) for 2 h at 70 °C, in the first elution (Elution I).


Figure 2. Desorption yield of phenolic molecules from 5% (w/v) AC, after CS hydrolyzate detoxification, testing several eluent mixtures containing alcoholic or alkaline solutions. Standard deviation (n = 3) is indicated by the error bars.
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Indeed, with the objective to increase the recovery of phenolic molecules through the elution with 2 M sodium hydroxide/ethanol, AC was further submitted to a second elution step (Elution II). The findings indicated that the majority of the phenolic compounds were already desorbed by the first elution, and only a small additional amount was detected in the second eluate (Table 1). The total concentration of recovered bioactive compounds was 369.6 ± 11.5 mg GAE/L, which corresponded to 70.3% of the total phenolic molecules adsorbed on AC.



Table 1. Phenolic compounds desorption from activated charcoal (AC) and radical scavenging activity (RSA). The phenolic compounds were eluted from AC with 2 M NaOH/ethanol (1:1 v/v). The eluates and the hydrolyzate, containing 20 µg GAE, were analyzed for RSA (Section 3.7).







	
Sample

	
Adsorbed Phenolic Compounds (mg GAE/L)

	
Desorbed Phenolic Compounds (mg GAE/L)

	
RSA (%)






	
CS hydrolyzate

	
-

	
-

	
21.0 ± 1.1




	
Activated charcoal

	
525.8 ± 15.6

	
-

	
-




	
Elution I

	
182.5 ± 6.2

	
343.4 ± 13.2

	
51.8 ± 1.6




	
Elution II

	
156.2 ± 8.8

	
26.3 ± 2.3

	
26.0 ± 0.9




	
Total (Elution I + II)

	
-

	
369.6 ± 11.5

	
-










The desorbed phenolic molecules were characterized in terms of antioxidant power. More in detail, their radical scavenging activity (RSA) was measured by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay (Section 3.7), and samples from the elution I and II showed a RSA of 51.8 ± 1.6% and 26.0 ± 0.9%, respectively (Table 1). These values were higher than the RSA calculated for the crude CS hydrolyzate (21.0 ± 1.1%) despite its higher phenolic content (682.0 ± 16.9 mg GAE/L). These findings support the hypothesis that the detoxification and the elution processes operated a selection of molecules provided with stronger antiradical activity.



As already mentioned, AC is widely used for detoxification of several kinds of samples, such as LB hydrolyzates and wastewaters [46], but there are only few reports about the recovery of the adsorbed molecules for subsequent use. Our method not only removed potential fermentation inhibitors from the CS hydrolyzate, but also concentrated molecules with high antioxidant power in the eluate from Elution I.




2.4. Fermentative Hydrogen and Butyrate Production


The CS hydrolyzate obtained after 5% (w/v) AC detoxification was tested as substrate for the fermentative H2 production by C. butyricum. This microorganism is a recognized H2 producer from a diversity of substrates, such as LB and microalgal biomass [47,48]. The fermentation results are summarized in Table 2. In batch fermentations, H2 evolution tends to follow a sigmoidal profile, starting when the cells are at the exponential growth mid-stage [49]. The maximum H2 production is generally achieved at the beginning of the stationary phase. A maximum cumulative H2 production of 1598 ± 100 mL/L was reached after 12 h of incubation, corresponding to 96.8% consumption of the total sugars, which indicates a high metabolic activity of C. butyricum and a good adaptation to the CS hydrolyzate. In a fermentation experiment with C. butyricum CGS5, Lo et al. [47] obtained a cumulative H2 production of 1006 mL/L from an acid hydrolyzate of alkaline pretreated rice straw.



Table 2. Sugars consumption, H2 and organic acids production in the fermentation of detoxified CS hydrolyzate by C. butyricum.







	
Parameter

	
Result






	
Cumulative H2 production (mL/L)

	
1598 ± 100




	
Hydrogen yield (mL/g CS)

	
63.9 ± 4.0




	
H2/CO2 ratio (mol/mol)

	
1.4 ± 0.1




	
Acetate production (mM)

	
13.3 ± 1.6




	
Butyrate production (mM)

	
10.7 ± 0.2




	
Formate production (mM)

	
6.9 ± 0.2




	
Total sugars consumption (%)

	
96.8 ± 0.7










An alternative way to report the suitability of LB for fermentative H2 production is the estimation of the H2 production yield per mass unit of CS dry weight. This estimation of the conversion efficiency incorporates the variables associated with the complexity of the LB, the bioconversion efficiency, and the type of pretreatment applied, which can be performed under more or less environmental harsh conditions. In the present study, 50 g/L of CS were used in the preparation of the hydrolyzate and the H2 yield reached 63.9 mL/g CS. This value is comparable to 60.2 mL H2/g obtained in the fermentation of acid treated soybean straw by an enriched mixed culture dominated C. butyricum [50]. However, according to Kumar et al. [51] the results in the literature diverge widely, from 31.6 to 176 mL H2/g biomass dry weight, and comparisons are sometimes difficult due to the variable lignin, cellulose and hemicelluloses ratios in the lignocellulosic matrix and to the diversity and efficiency of possible pretreatment and saccharification combinations.



The fermentation of CS hydrolyzate by C. butyricum led to the production of soluble metabolites, from which acetate and butyrate were the most representative. Butyrate amounted to 45% (w/v) of the total organic acids produced, and achieved a maximum concentration of 10.7 ± 0.2 mM (Table 2) after 12 h of incubation. This is equivalent to 18.9 mg butyrate/g CS and would correspond to a potential daily production of 0.4 mmol/g day. Bastidas-Oyanedel et al. [52] referred butyric acid as the highest valuable compound produced in DF. The reason for this are the numerous applications for butyric acid in the chemical, textile, plastic, food, beverage, dairy and pharmaceutical industries [53]. Bioplastics in particular have attracted widespread attention as eco-friendly alternative to conventional plastics, and its production opens new perspectives for organic acids use. More recently, interest in butyric acid as precursor for the synthesis of butanol and butyl esters to be used as drop-in biofuels has also been raised [54]. The maximization of butyrate production under a biorefinery framework would thus have the potential to advantageously boost the overall process revenue.




2.5. CS Biorefinery Model


Based on the obtained results of CS upgrading for the production of bioenergy vectors and bioactive compounds, a CS biorefinery model was proposed (Figure 3). The biorefinery mass flows were planned to take advantage of the chemical composition of CS, and to highlight a full range of possible conversion, integration and reuse possibilities. The proposed flows are non-concurrent or even mutually favorable and can be simultaneously conducted. However, depending on the biorefinery set-up, process optimization can prioritize some products in detriment of others. For example, the hydrolyzate detoxification with AC for the subsequent recovery of antioxidants favors the fermentative H2 production by the removal of possible microbial inhibitors. Conversely, the simultaneous optimization of DF for the production of H2 and butyrate is difficult. This is because the theoretical yield of H2 production is 2 mol/mol hexose when butyrate is the main organic acid produced. This yield increases to 4 mol/mol hexose if all the substrate would be converted to acetate [55].


Figure 3. Chestnut shells biorefinery model.
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The model proposed in Figure 3 integrates 11 streams that are meant to represent all the possible inputs, mass flows and outputs that may be included in the CS biorefinery, as a global portfolio view of possibilities. As depicted, the biorefinery streams for energy production include the use of spent CS as source of calorific power (ENERGY 1) and the fermentative H2 production (ENERGY 2). The streams for bioactives encompass the recovery of phenolic compounds as antioxidants (BIOPRODUCT 1) and the production of butyrate (BIOPRODUCT 2), which generally brings added-value to the main branch of energy production. The biorefinery model can be optimized in terms of process costs and waste generation, and this is reflected in the recovery and reuse of the AC (REUSE 1) from the adsorption/desorption of the phenolic compounds. In more detail, the main outputs in Figure 3 include:

	
ENERGY 1: Biomass can be converted into energy (heat or electricity) through combustion, a process which is the most widely applied because of its low cost. The gross calorific values of chestnut shell and chestnut shell biochar are 15.49 and 25.86 MJ/kg, respectively [56]. Although it is expected that the chemical composition of spent CS, namely the final residue obtained after pretreatment and saccharification of CS, is somewhat different from crude CS or CS biochar, its use can be taken in consideration for energy production. As spent CS represent 32.5% (w/w) of the initial CS biomass (Figure 3), about 6100–9140 tons/year could be obtained from the total shell waste solid residue produced in 2014 in the Mediterranean basin.



	
ENERGY 2: The price of conventionally produced H2 in 2016 averaged 4.0 USD/kg H2 in the USA, whereas the costs for the fermentative H2 production are currently estimated on 578 USD/kg H2 [57]. According to this reference, the high costs of the fermentative process are associated with a low molar yield and a low concentration of carbohydrates in the fermentation broth, which is adequate for research scale but not to scale-up to an industrial process. In fact, assuming the production yield obtained in the present work (63.9 mL H2/g), the total amount of CS generated in 2014 in the Mediterranean region would only correspond to 106,975–160,463 kg of H2. The feedstock cost and the capital cost for the industrial production are also critical to the high projected cost of hydrogen generated via DF of biomass. However, in the case of CS as waste biomass, the negative feedstock cost would impact positively on the process economic balance, so as the co-production of bioactive molecules. Considering an optimized scenario modeled with a fermentation broth concentration of 300 g/L and the conversion of excess lignin and biogas to thermal energy and further to electrical energy, a more competitive cost of 3.78 to 5.47 USD/kg H2 can be achieved [57].



	
PRODUCT 1: Phenolic compounds belong to the wide class of phytonutrients, and find application in a variety of sectors such as food, feed, pharmaceutical and cosmetic industry. As they originate from natural sources, the diversity of biomolecules that can be obtained and the respective prices vary greatly, also depending on their purity and biological activity. The price of gallic and ellagic acids, two phenolic compounds present in chestnut extracts, is approximately 645 and 52,000 USD/kg, respectively (Sigma-Aldrich Company, Milano, Italy). The market of phenolic compounds is much diversified as they can be commercialized either as pure compounds or mixture of natural origin. In 2014, the global market of phytonutrients was estimated at 3.05 Billion USD and it is foreseen to reach 4.63 Billion USD within 2020, with Europe expecting to be the fastest-growing market in the near future [58]. As the amount of the phenolic compounds recovered from the hydrolyzate corresponds to the 0.74% (w/w) of the crude CS, it would be expected that about 138,600–207,900 kg/year could be obtained from CS.



	
PRODUCT 2: The price of butyric acid is currently approximately 2000–2500 (USD/ton) [53], which represents an attractive income when transposed to the potential butyrate production from CS. Due to the variety of industrial applications for this organic acid, to the need to set aside petrochemicals based production processes, along with the newly explored pathways for the production of drop-in biofuels, the market size for butyrate was estimated in 30,000 (ton/year) in 2015 and in general “green” volatile fatty acids production exhibits a tendency to expand [59]. Using the butyrate production yield obtained in the present work (10.7 mM) and the amount of shell residues generated by the Mediterranean chestnut industry in 2014 (18,750–28,125 tons), it is possible to estimate a potential of 353,541–530,312 kg for butyrate production.



	
REUSE 1: To become economically attractive, a detoxification process based on the use of an adsorbent matrix must foresee the reutilization of the adsorbent for additional cycles. As such, after the phenols desorption stage, AC can be reused for detoxification of a fresh hydrolyzate followed by phenolic compounds elution. This practice provides an environmental gain by avoidance of AC disposal. Additionally, the prospect of selectively recovering CS phenolic compounds with different antioxidant activities, as suggested by the RSA of the eluates from Elution I and II, is of major interest and deserves further investigation.










3. Materials and Methods


3.1. Chemicals


Folin–Ciocalteu reagent, sodium carbonate, gallic acid, DPPH, glucose, xylose, fucose, sodium hydroxide, and ammonium hydroxide were purchased from Sigma-Aldrich Company (Milano, Italy). Methanol was from Carlo Erba Reagents (Milano, Italy), and ethanol from Romil Ltd (Cambridge, UK). Activated charcoal was from Merck (Darmstadt, Germany) and the remaining reagents were of the highest grade commercially available.




3.2. Biorefinery Stages


The biorefinery model proposed for CS was based on the following stages, according to Figure 4: (i) CS alkaline pretreatment [19]; (ii) enzymatic hydrolysis of CS; (iii) detoxification of the crude CS hydolyzate with AC; (iv) recovery of phenolic compounds from AC; (v) recycling and reuse of AC; and (vi) fermentation of the detoxified CS hydrolyzate by C. butyricum. The outputs in bioproducts and bioenergy comprise: (i) phenolic compounds with antioxidant potential desorbed from AC; (ii) hydrogen produced from CS hydrolyzate; (iii) butyrate produced from CS hydrolyzate; (iv) heat or electricity produced from spent CS combustion [57]; and (v) recycled AC.


Figure 4. CS biorefinery stages, bioproducts and energy outputs.
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3.3. Pretreatment and Saccharification of CS


The chemical characterization of crude and pretreated CS, and the pretreatment by aqueous ammonia soaking method to facilitate the release of fermentable sugars were previously reported [19]. For saccharification, 4 g of pretreated CS at 5% (w/v) solid loading were supplemented with a cocktail of the following commercial preparations in 50 mM sodium acetate buffer, pH 5.0: Accellerase 1500 (528 units of cellulase), Accellerase XY (17,536 units of xylanase), and Accellerase BG (32,656 units of beta-glucosidase) (Danisco US Inc., Genencor Division, Palo Alto, CA, USA). The saccharification was carried out in a shaking water bath at 50 °C and 140 rpm for 72 h. After this time, the mixture was chilled on ice and centrifuged (Sorvall RC6 plus 3220 g, 30 min, 4 °C). The supernatant (CS hydrolyzate) was recovered and analyzed for sugar and phenolic content before detoxification. The solid residue was washed twice with 150 mL of deionized water (total volume) and centrifuged at the same conditions described above, before being dried at 55 °C until reaching a constant weight.




3.4. Detoxification of the CS Hydrolyzate


The CS hydrolyzate detoxification was carried out using AC at three different concentrations: 5%, 10% and 20% (w/v). For 5% and 10% detoxification, the charcoal was added to the CS hydrolyzate and put on a shaker incubator at 25 °C for 1 h at 180 rpm. For 20% detoxification, the charcoal was added to the CS hydrolyzate and placed on a Vortex Mixer (Heidolph, Schwabach, Germany) for 1 h at room temperature. Each detoxified hydrolyzate was centrifuged (Eppendorf 5415R centrifuge, 14,300 g, 45 min, 4 °C) for separate recovery of the hydrolyzate and AC. The detoxified CS hydrolyzates were characterized for sugars and total phenols as reported below. All the experiments were conducted in triplicate and results were expressed as mean ± standard deviation (SD).




3.5. Desorption of Phenolic Compounds from the Charcoal


The phenolic compounds adsorbed on the AC were recovered with the following eluting solutions: water, 0.5 M sodium hydroxide, 1 M sodium hydroxide, alkaline ethanol (pH 11.0 adjusted with sodium hydroxide), and 2 M sodium hydroxide/ethanol (1:1 v/v). Briefly, AC from the detoxification stage was oven-dried at 70 °C for 4 h; then, a volume of eluent corresponding to the double volume of the detoxified CS hydrolyzate was added to the AC, and incubated at 70 °C for 2 h under continuous stirring. The mixture was centrifuged (Sorvall RC6 plus 34,220 g, 1 h, 4 °C), and the supernatant was separated from the AC and further centrifuged to remove any residual charcoal particles. The AC from both centrifugation steps was pooled and submitted to a second elution process, at the same conditions, to maximize the recovery of phenolic compounds.



The phenolic compounds desorbed from the AC were quantified by the Folin–Ciocalteu method, as described in Section 3.7, whereas those still adsorbed on AC were determined by difference between the total phenols in the crude CS hydrolyzate and the total phenols recovered in the detoxified CS hydrolyzate. The desorption yield was calculated according to Equation (1). All experiments were conducted in triplicate and results were expressed as mean ± SD.
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3.6. Fermentation of the Detoxified CS Hydrolyzate


The microorganism used in this study was C. butyricum DSM 10702 from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). The strain was pre-cultured in Reinforced Clostridial Medium (RCM, Difco™, Le Pont de Claix, France) at 37 °C for 16 h and used for inoculating (at 1% (v/v)) the anoxic fermentation medium, composed by trypticase soy broth without dextrose, yeast nitrogen base, oligoelements, minerals, redox indicator and cysteine hydrochloride [48]. The detoxified CS hydrolyzate was used as carbon and energy source in the fermentation medium. The incubation was conducted at 37 °C, 150 rpm, for 72 h [48].




3.7. Characterization of the samples


The estimation of the sugars released from the enzymatic hydrolysis was carried out as previously described by Maurelli et al. [19]. The samples were analyzed by a high-performance liquid chromatographic HPLC system (Dionex, Sunnyvale, CA, USA), equipped with an anionic exchange column (Carbopac PA-100) and a pulsed electrochemical detector. Glucose and xylose were separated with 16 mM sodium hydroxide at a flow rate of 0.25 mL/min, and identified by the respective standards. Fucose was used as internal standard. Total phenolic content was measured by the Folin–Ciocalteu method [60]. Variable volumes of samples, properly diluted to 150 μL, were mixed with 750 μL of Folin–Ciocalteu reagent (ten-fold diluted with deionized water), and 600 μL of 7.5% (w/v) Na2CO3. Samples were kept in the dark at 25 °C for 2 h and afterwards the absorbance was read at 765 nm in a Varian spectrophotometer (DMS-200, Varian Analytical Instruments, Leini, Torino, Italy). The phenolic content was calculated by a calibration curve obtained with increasing quantities of gallic acid standard solution ranging from 1.5 to 10 μg, and expressed as mg of GAE per liter of CS hydrolyzate.



The free radical scavenging capacity was evaluated by the DPPH assay following the method of Barreira et al. [61], with modifications. Prior to the assay, the pH of the samples was corrected to 7.0 with 37% HCl (w/w). A volume of sample containing an amount of phenolic compounds corresponding to 20 μg GAE was diluted to 150 μL with deionized water, and mixed with 1.35 mL of 60 μM DPPH dissolved in methanol. A control prepared with 150 μL of deionized water and 1.35 mL of 60 μM DPPH was also prepared. The samples and the control were read against a blank made of 150 μL of deionized water and 1.35 mL of methanol. After 30 min of incubation at room temperature in the dark, the absorbance was read at 517 nm. The data obtained were used to calculate the percentage of RSA according to Equation (2).
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The biogas samples were collected directly from the headspace of the serum flasks by using a gas-tight syringe and the produced H2 and CO2 were quantified by gas chromatography (GC). The GC was a Varian 430-GC equipped with TCD and a fused silica column (Select Permanent Gases/CO2-Molsieve 5A/Borabound Q Tandem #CP 7430). The injector and column were operated at 80 °C and the detector at 120 °C. Argon was the carrier gas at a rate of 32.4 mL/min. The concentration of H2 and CO2 in the produced biogas and the H2 production yields were calculated as described in [62]. Total sugar concentration in the fermentation supernatants was determined by the phenol–sulfuric acid method using glucose as the reference monosaccharide [63]. The organic acids produced were characterized by HPLC analysis [48].





4. Conclusions


This study proposed a biorefinery model for CS upgrading, which takes advantage of the main constituents of this waste biomass, namely carbohydrates and phenolic compounds. Carbohydrates represent 41.6% of CS dry weight and were used as a fermentable substrate for the production of H2 and butyrate after alkaline pretreatment and enzymatic hydrolysis. The phenolic compounds amounted to 682 mg GAE/L in the CS hydrolyzate and were extracted by AC adsorption in a detoxification stage prior to fermentation. This allowed the selective recovery of phenolic compounds with more than twice the RSA of that of the crude CS hydrolyzate and, at the same time, minimized disposal problems by the possibility of AC reuse. Based on the production of chestnut trees in 2014 in the Mediterranean basin, the upgrading of CS according to the proposed model would correspond to an annual recovery of up to 208 tons of phenolic compounds. The conversion of the sugars in the detoxified CS hydrolyzate by C. butyricum produced 63.9 mL H2/g CS and 18.9 mg butyrate/g CS. The transposition of these yields into the amount of waste shells generated in the Mediterranean chestnut industry represents 530 and 160 tons/year of butyrate and H2, respectively. At the same time, up to 9140 tons/year of CS spent residue could be potentially used for heat and power generation.



The importance and dimension of the chestnut industry worldwide justifies the need to redirect a waste that is currently not valued to more noble and environmentally friendly uses. The proposed biorefinery model holds a promise for future optimization of the selective recovery of antioxidant molecules and the improvement of the CS carbohydrates conversion to energy and bioactive compounds.
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