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Abstract

:

Vinasses are the main byproducts of ethanol distillation and distilled beverages worldwide and are generated in substantial volumes. Tequila vinasses (TVs) could be used as a feedstock for biohydrogen production through a dark fermentative (DF) process due to their high content of organic matter. However, TV components have not been previously assayed in order to evaluate if they may dark ferment. This work aimed to identify and quantify volatile compounds (VC) in TV and determine if the VC profile depends upon the type of production process (whether the stems were initially cooked or not). TVs were sampled from 3 agave stems with a not-cooking (NC) process, and 3 agave stems with a cooking (C) process, and volatile compounds were determined by gas chromatography coupled with mass spectrometry (GC–MS). A total of 111 volatile compounds were identified, the TV from the cooking process (C) showed the higher presence of furanic compounds (furfural and 5-(hydroxymethyl) furfural) and organic acids (acetic acid and butyric acid), which have been reported as potential inhibitors for DF. To our knowledge, this is the first description of the VC composition from TVs. This study could serve as a base for further investigations related to vinasses from diverse sources.
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1. Introduction


Vinasses are produced as byproducts of the fermentation and distillation of ethanol [1,2] from sugarcane (Saccharum officinarum L.) in South America [3], beet molasses (Beta vulgaris ssp. vulgaris var. altissima Döll) in Europe [4,5], or from the distillation of fermented beverages, such as mezcal, bacanora, and tequila in Mexico [6,7,8]. Large quantities of vinasses are produced worldwide; on average, 12–15 L vinasses are obtained for each liter of ethanol produced [9]. According to the Renewable Fuel Association (http://www.ethanolrfa.org), global ethanol production was 25.7 billions of gallons in 2016, leading to approximately 2.56 × 1012 L of vinasses, which are released without any treatment into agricultural soils or water bodies [9,10]. Regardless of the ethanol production process or the sugar source, these may have similar characteristics. They are complex wastewaters and have high biological oxygen demand (BOD) and chemical oxygen demand (COD), 16–45 g/L and 26–91 g/L, respectively, pH ranges from 3 to 5, high concentrations of suspended solids (2–8.4 g/L), volatile solids (1.1–9 g/L), and phenols (0.04–0.08 g/L). Occasionally they may contain heavy metals, and display a dark brown color [2,4,11,12,13]. The toxic and recalcitrant nature of this effluent can produce negative environmental impacts like anoxia, eutrophication, and the death of aquatic microorganism and wildlife [13,14].



Tequila distilleries are one of the most important agro-industries [15] producing a popular alcoholic beverage called tequila, which is obtained from the fermentation of hydrolyzable sugars from the stems of Agave tequilana Weber var. Azul [10,14]. The agave juice or “mieles de agave” (as locals call it) extraction process requires fructans to be transformed by thermic treatments into fermentable sugars (fructose and glucose), so they can be subsequently fermented by yeast [16,17]. Currently, two processes are used to accomplish sugar hydrolysis. Some distilleries employ traditional methods, i.e., (cooking (C) of agave stems, whereby the mature stems (with no leaves) of agave, so-called “piñas”, are cooked in ovens or autoclaves with steam injection (0.5–1.4 kg/cm2) at 95–120 °C for approximately 48 h or 8–12 h. Once the agave stems are cooked, they are transferred on conveyor belts to a mill with rotatory knives where they are shredded and washed under pressure with potable water to dissolve the sugars. Finally, the stems are placed in a press to extract the agave juice, containing hydrolyzable sugars, soluble, and insoluble compounds which are generated during the cooking process [6,18,19,20]. However, most producers use a “not-cooking” (NC) process, i.e., [20,21], they used equipment called a “diffuser” to obtain the raw agave juice with hot water (80 °C) directly from previously shredded raw agave stems. Afterwards, the raw agave juice is hydrolyzed through heat (80–85 °C) in acidic conditions (pH 1.8–3) and thermal conditions [18,20,22]. The agave juice obtained either from cooking or not-cooking are submitted to a fermentation process, where hydrolizable sugars are biotransformed to ethanol, carbon dioxide, and other organoleptic compounds such as volatile compounds (esters, aldehydes, ketones, and furans, among others) [23]. Once fermentation is completed, the fermented juice, “must”, is transferred to a distiller, where two tandem distillations are performed to obtain tequila. After the final distillation, vinasses are generated as the residual liquid [22,23].



Both processes (cooking or not-cooking the agave stems) might influence the composition of distillation wastewater. Like other vinasses, tequila vinasses (TVs) can also be used as a feedstock for a dark fermentative process (DF) to produce hydrogen, due to its high organic matter content. However, the vinasses’ organic matter is not entirely used for biohydrogen production during DF [7,24,25,26]. Nevertheless, there is not sufficient information about the presence of volatile or complex organic compounds in vinasses, and even less in tequila vinasses.



Some work has tried to determine the composition of molasses and sugarcane vinasses to predict their toxicity. Fagier et al. [27] identified phenolic compounds and some carboxylic acids as volatile compounds in sugarcane vinasses, some of which are highly toxic for Daphnia magna (IC50 = 0.9 mg/L). Additionally, Lima et al. [28] identified some fatty acids, alcohols, and esters in hydrolyzed sugarcane vinasses.



As has been previously observed in sugarcane vinasses, volatile compounds, like furans (furfural, 5-(hydroxymethyl) furfural and, methyl-2-furoate), organic acids (acetic acid, butyric acid, propanoic acid, and pentanoic acid) and phenols (2,5-di-tert-butylphenol, eugenol, guaiacol and, 4-ethyl-3-methoxy phenol) have been found also in tequila and cooked agave juice [27,29,30]. This suggests that those or similar volatile compounds might be present in tequila vinasses. Moreover, some of these volatile compounds are toxic and might inhibit subsequent biological treatments of vinasses, like the DF process to produce hydrogen [31,32,33,34]. More detailed knowledge on vinasse composition would help scientists to develop more efficient uses of vinasses, and reduce their adverse effects.



There is still a gap in the knowledge of vinasse composition from various sources regarding the presence of volatile compounds, which could inhibit downstream processes or uses, such as biohydrogen production. Furthermore, the extent of the effect of the initial process for tequila production (cooking or not-cooking of agave stems) on the final vinasse composition have not yet been described. Thus, the aim of this work was to identify and quantify the profile of volatile compounds in vinasses, obtained from two different tequila-production processes: (i) cooking (C) and not-cooking (NC) agave stems.




2. Results


2.1. Identification and Concentration of Volatile Compounds


The vinasse samples have different profiles and volatile compound concentration. It was possible to identify 104 compounds belonging to different chemical families (Table 1). The most frequent chemical families were alcohols (20), acids (16), and furans (11); also, alkanes, aldehydes, esters, ketones, phenols, and pyrans were identified.



2.1.1. Organic Acids


The organic acids detected in tequila vinasses were: acetic (1), isobutyric (2), butyric (3), valeric (4), caproic (6), oenanthic (7), caprylic (8), lauric (12), palmitic (15) acids, and others (Table 1).



Acetic acid was found in all studied vinasses, its concentration (13.20–181.25 mg/L) showed significant differences (p < 0.05), between C and NC processes, where the vinasse C2 showed the highest acetic acid concentration (181.25 mg/L). Butyric acid was identified in all samples too, with significant differences (p < 0.05) among vinasse samples, ranging from 7.84 to 38.86 mg/L, NC2 vinasse showed the highest concentration than other vinasses (Figure 1).




2.1.2. Esters


Esters ethyl orthoformate (17), ethyl butanoate (18), ethyl lactate (20), ethyl palmitate (26), among others esters were found in most tequila vinasses samples (NC and C).




2.1.3. Alcohols


Alcohols 2-methyl-1-propanol (29), 1-butanol (31), 2,3-butanediol (37), furfuryl alcohol (39), benzyl alcohol (42), phenylethyl alcohol (43), benzenepropanol (44), and others (Table 1) were found in the present work. Their concentrations ranged from 1.6–977.95 mg/L (NC and C processes).



In this research, furfuryl alcohol (39), benzyl alcohol (42) and phenylethyl alcohol (43) were identified and quantified in all vinasse samples (Figure 1). Furfuryl alcohol in vinasses from the C process presented significantly higher concentrations (3.76–16.25 mg/L) than those from the NC process (p < 0.05). The vinasse C1 showed the highest concentration (16.26 mg/L). Benzyl alcohol was present in all the samples, showing significant differences (p < 0.05) between vinasses from the NC and C processes. The concentrations ranged from 3.42–46.6 mg/L. Among them, the NC2 vinasse had the highest concentration of benzyl alcohol. Phenylethyl alcohol was found in both processes ranging from 366.41–470.92 mg/L, with significant differences (p < 0.05) between both kinds of vinasse evaluated. The highest concentration was found in the C3 vinasse (Figure 1).




2.1.4. Aldehydes


Only three aldehydes were detected in tequila vinasses: benzaldehyde (49), benzaldehyde, 4-methyl (50), and benzaldehyde, 3-methyl (51) (Table 1), regardless of the process (NC or C).




2.1.5. Alkanes


Similarly, 10 alkanes were identified in the vinasses evaluated regardless of the process involved: dodecane (52), tetradecane (56), nonadecane (60), and eicosane (61) (Table 1).




2.1.6. Furanic Compounds


Eleven different furanic compounds were identified in tequila vinasses, 10 in the C vinasses and five in the NC vinasses. Furfural (63), 5-methylfurfural (64), acetylfuran (65), HMF (70) and furan,2-ethoxy-4-ethyl-2,3-dihydro (72) were found only in the C vinasses, while 2-furoate-methyle (66), furan, 2-(1,2-diethoxyethyl)- (67) and 2,5-dimethyl-2(2-tetrahydrofuryl) tetrahydrofuran (69) were found in all the vinasses (Table 1).



Furfural was found in C1 and C3 (52.11 and 53.57 mg/L, respectively); HMF presented the highest level in the C3 vinasse (347.61 mg/L) (Figure 1).




2.1.7. Ketones


Thirteen ketones were identified in the vinasses. Ten were mostly found in the C vinasses, while only seven were found in some NC. γ-butyrolactone (78) was identified and quantified in all TVs, showing significantly higher concentration in the C vinasses (p < 0.05) than in the NC vinasses. The concentration range was 1.5–56.78 mg/L, where vinasse C1 presented the highest amount (Figure 1).




2.1.8. Phenols


Nine phenols were identified in the vinasses. p-Guaiacol (86), p-methylguaiacol (87), 3-methylphenol (88), eugenol (92), among others, were detected in the NC vinasses (Table 1). The 2,4-di-tert-butylphenol (90) was found in all the vinasses. The NC vinasses had a significantly lower concentration (11.20–21.35 mg/L) than the C vinasses (4.23–87.44 mg/L). The highest presence of phenolic compounds (eugenol, p-guaiacol, 4-(2-hydroxyethyl) phenol) was observed in NC2 vinasse (Figure 1).




2.1.9. Pyrans


Four pyrans were detected in the evaluated vinasses: (2H-pyran-2,6(3H)-dione (95), 2-pentoxy-tetrahydropyran (96), 4H-pyran-4-one,2,3-dihydro-3,5-dihydroxy-6-methyl (97), and pyrrolo[1,2-a] pyrazine-1,4-dione (98) (Table 1). The latter was found only in the C vinasses while the others were found in the NC vinasses.





2.2. Principal Component Analysis (PCA)


Principal component analysis (PCA) was used to determine the main sources of variability of the data sets and establish the relationship between tequila vinasses (objects) and volatile compounds (variables) [35]. PCA facilitated the interpretation in this study. The analysis allowed us to identify what volatile compounds were correlated with the kind of vinasse (NC or C). The two principal components (PCs) were enough to explain 60% of total variability from the data set, 32.29% and 28.09% by PC1 and PC2, respectively (Figure 2).



The PCs showed four distinct groups (Figure 2). The PC1 separated the volatile compounds according to the kind of vinasse. Vinasses from the cooking process were found in the positive side of the PC1 axis. Also, on this side, volatile compounds that correlate strongly with those vinasses are found, e.g., acetic acid (1), furfuryl alcohol (39), and furan compounds such as furfural (63), acetylfuran (65), 2-furoate-methyl (66), and HMF (70), among others. However, in the negative side of PC1, two groups were detected: the first includes NC1 and NC3 related to butyric acid (3), caproic acid (6), hendecanoic acid (11), among others; the second includes, NC2, which was correlated with phenolic compounds like p-guaiacol (86), p-methylguaiacol (87), 3-methyl phenol (88) eugenol (92), among others.





3. Discussion


The identification of approximately 37% of the compounds in the present work is in agreement with previous work published with similar matrices, such as cooked agave juice, tequila beverage, and sugarcane vinasses [27,28,29,30]. This work focuses on the volatile compounds found in higher concentrations or with inhibitory potential for the biological process in the vinasse treatment.



3.1. Organic Acids


Some organic acids found in tequila vinasses have been previously reported in similar matrices (i.e., tequila, cooked agave juice, and sugarcane vinasses) by other studies. For instance, acetic, butyric, isobutyric, valeric, palmitic, and myristic acids have been reported in tequila by Prado-Jaramillo et al. [30]. Likewise, Mancilla-Margalli and López [29] published the existence of acetic, butyric, valeric, caproic, oenanthic, caprylic and lauric acids in cooked agave juice. Also, Fagier et al. [27] reported the presence of palmitic acid in sugarcane vinasses. Lima et al. [28] identified lauric, myristic, and palmitic acids in hydrolyzed sugarcane vinasses.



The presence of organic acids in high concentrations confer toxicity to the vinasses, hindering their treatment by biological process or their exploitation via biohydrogen production. Acetic and butyric acids have negatives effects in the DF process of acetic acid-decreased Hmax (maximum potential of H2 production) and Rmax (maximum H2 production rate) in batch production [36]. In addition, Wang, Wan, and Wang [37] reported inhibitory effects for Hmax and Rmax in batch conditions, using 6 g/L and 8 g/L of acetic and butyric acids, respectively. In this work, these acids were found in both processes studied, NC (146.14 mg/L) and C (512.47 mg/L), at lower concentration than those reported in the literature [34,36,37]. Nonetheless, a synergistic effect might occur, as both are present in the vinasses, which can boost their potential individual inhibitory effects. Franden et al. (2013) demonstrated that the concomitant presence of acetic and formic acids (IC25 = 50.3 mg/L) inhibited the growth of Zymomonas mobilis [38].



Organic acids may be either protonated or unprotonated, both species inhibiting biohydrogen production [34]. They can uncouple hydrogen-producing bacteria (HPB) growth in two ways: (i) on the one hand, the nonpolar un-dissociated form can penetrate cell membrane HPB whereby they dissociate due to higher intracellular pH, releasing protons in the cell cytoplasm; as a result, this creates a pH imbalance and decreases intracellular pH, producing a reduction in the available energy used in HPB growth; (ii) on the other hand, if the polar-dissociated part of organic acids is present in the fermentative hydrogen production system at a high concentration, the ionic strength in the solution will be increased, causing HPB growth inhibition and cell lysis [34,36,37,39].




3.2. Esters


Prado-Jaramillo et al. [30] identified ethyl butyrate, ethyl caprate, ethyl caproate, ethyl ethanoate, ethyl furoate, among other esters, in tequila. Likewise, Fagier et al. [27] found palmitic acid methyl ester in vinasses from sugarcane distillation. Similarly, in hydrolyzed sugarcane vinasses, Lima et al. [28] found ethyl myristate, ethyl palmitoleate, ethyl palmitate, 2-phenylethyl laurate, ethyl oleate, and ethyl stearate.




3.3. Alcohols


In a previous study performed by Prado-Jaramillo et al. [30] in tequila, the alcohols reported were 1-decanol, 1-dodecanol, 1-heptanol, butanol, isobutanol, phenylethyl alcohol, n-propanol, among others. Similarly, Mancilla-Margalli and López [29] found 1-butanol, 3-methyl-1-butanol, 1-hexanol, 1-octen-3-ol, 1,2-butanediol, 1,3-butanediol, 1,2-ethanediol, benzyl alcohol, phenylethyl alcohol in cooked agave juice. Also, they quantified benzyl alcohol and phenylethyl alcohol concentration, which were 3.78 mg/L and 4.58 mg/L, respectively. Additionaly, Fagier et al. [27] detected the presence of 2-phenyl ethanol in sugarcane vinasses. In other works, the presence of 2-phenylethanol, pentadecan-1-ol, and hexadecane-1-ol was identified in hydrolyzed sugarcane vinasse [28].



It is known that furfuryl alcohol might cause a significant membrane leakage in some bacteria (i.e., Escherichia coli) and exhibits synergism when present along with other inhibitors of microbial growth [40]. Currently, there is no available information about the inhibitory nature of the identified alcohols on the DF process.




3.4. Aldehydes


Prado-Jaramillo et al. [30] reported the presence of aldehydes in tequila, such as benzaldehyde, benzene acetaldehyde, hexanaldehyde, myristaldehyde, nonaldehyde, among others. Likewise, Mancilla-Margalli and López [29] detected benzaldehyde, phenylacetaldehyde, and 4-hydroxybenzaldehyde in cooked agave juice. Furthermore, pentadecanal was found in hydrolyzed sugarcane vinasse by Lima et al. [28].



It is known that the presence of some aldehydes (i.e., 4-hydroxybenzaldehyde) has been reported to impair the growth of an ethanologenic Escherichia coli B (LY01) at concentrations of 600 mg/L, where a 50% growth inhibition was observed [41]. Aldehydes inhibit some pathways such as glycolysis and fermentation [41,42,43]. Therefore, their presence in tequila vinasses could be considered as a potential inhibitor for DF in hydrogen production.




3.5. Alkanes


Several hydrocarbons have been detected in tequila by Prado-Jaramillo et al. [30], who reported the presence of dodecane, eicosane, heptadecane, hexadecane, nonadecane, tetradecane, tricosane, and others. Furthermore, Fagier et al. [27] reported the presence of one cycloalkane (1,1,4,4-tetramethyl-2,5-dimethylenecyclohexane) in sugarcane vinasses. In addition, Lima et al. [28] detected heptacosane in hydrolyzed sugarcane vinasse.



The chemical group of alkanes has been not reported as potential inhibitors of the DF process. However, the presence of some hydrocarbons (i.e., alkanes, branched alkanes, among others) in soils can alter soil enzymatic activities and microbial biomass carbon [44,45]. Also, they may inhibit some bacterial populations [46].




3.6. Furanic Compounds


The presence of some furanic compounds has been previously reported in tequila and cooked agave juice. Prado-Jaramillo et al. [30] identified 10 furanic compounds in tequila from the cooking process, such as 1-furan-2-yl ethenone, 2-(1,2-diethoxyethyl) furan, furfural, 5-(hydroxymethyl) furfural (HMF), 5-methylfurfural, among others. Similarly, Mancilla-Margalli and López [29] identified eight furanic compounds in cooked agave juice, among which are furfural, HMF, methyl-2-furoate, 2-furanmethanol, and tetrahydro-2-methylfuran. Recently, furfural has also been identified in hydrolyzed sugarcane vinasses by Lima et al. [28].



Furanic compounds such as furfural and HMF have been reported as inhibitors during fermentative hydrogen production [32,34,36,47]. The presence of furfural and HMF can inhibit several enzymes (i.e., alcohol dehydrogenase and pyruvate dehydrogenase) in Saccharomyces cerevisiae at concentrations of 192–480 mg/L for furfural and 252–630 mg/L for HMF [48]. Even furfural is known to be more toxic than HMF for industrial catalysts, in E. coli and S. cerevisiae. Furthermore, ethanol production by E. coli B LYO1 is inhibited at concentrations ≥ 2.6 g/L of furfural. This may be due to the fact that this compound has a direct effect on glycolytic and fermentative enzymes [41].



In agreement with previous studies performed in batch conditions for biohydrogen production, concentrations higher than 250 and 100 mg/L of furfural and HMF, respectively, directly affected Hmax and Rmax [32,36]. In this study, furfural concentration in vinasses was lower than the inhibitory concentration previously reported, but HMF concentration in tequila vinasses (C) was higher than that reported [32,34,36]. Also, both compounds in vinasses could increase the inhibitory effects.



Furfural and HMF are known to suppress cell growth, induce DNA damage, and inhibit several enzymes of the glycolytic and fermentative pathways (i.e., hexokinase, phosphofructokinase, triosephosphate, dehydrogenase, aldolase, among others) [32,34,48,49]. Furfural may decrease the activities of NADH-dependent enzymes involved in fermentation reactions; moreover, HMF and furfural reduction to furfuryl alcohol requires NADH in yeasts, which decrease H2 production. Additionally, NADH may reduce furan derivatives as it is oxidized to NAD+, leading to lower levels of NADH and lowering H2 production. Furthermore, HMF bears a hydroxyl group, which can bind to DNA nitrogen bases (specifically, adenine and thymine), causing DNA damage and mutations in many HPB [34,36,42,43]. In addition, it is known that furfural can inhibit fermentation and growth synergistically with phenols in E. coli and, when applied with acetic acid, can inhibit growth in S. cerevisiae [38].




3.7. Ketones


Some ketones have been found by Prado-Jaramillo et al. [30] in tequila, who reported acetoin, α-angelica lactone, β-angelica lactone, 1-(2-hydroxyphenyl) ethenone, 2-furyl acetone, acetovanillone, among others. Furthermore, Mancilla-Margalli and López [29] reported the existence of five ketones in cooked agave juice: 2-hydroxy-2-butanone, 1-hydroxy-2-propanone, butyrolactone, cyclotene and β-damascenone. Moreover, the presence of one ketone (E-1-(3-hydroxy-2,6,6-trimethylcyclohex-1-enyl) but-2-en-1-one) was reported by Fagier et al. [27] in sugarcane vinasse.



There are no reports about ketones with potential inhibition for the DF process. In fact, Mills, Sandoval and Gill [40] state that ketones can be generated during the acidogenic stage, but are not considered as potential inhibitors because they are produced at low concentrations (˂0.05 g/L). However, there is still a lack of knowledge about the effect of ketones on the DF process.




3.8. Phenol Compounds


Some phenols have been previously reported by Prado-Jaramillo et al. [30] in tequila; like eugenol, carvacrol, phenol, thymol, and butylated hydroxyanisole. Furthermore, Fagier et al. [27] reported the presence of four phenols in sugarcane vinasses: 4-ethyl-3-methoxy phenol, 2,6-dimethoxy phenol, 3,4,5- trimethoxy phenol and 4-allyl-2,6-dimethoxy phenol.



Several studies have shown the inhibitory effects on the DF process caused by other phenolic compounds such as hydroxybenzoic acid, syringaldehyde and vanillin [32,34,36,49,50]. However, those phenols were not identified in tequila vinasses, and other phenols were found that may have other adverse effects. High concentrations (0.12–50 mg/L) of phenolic compounds can inhibit fungi- or bacteria-fermenting carbohydrates into ethanol, by deactivation of lignocellulose-hydrolyzing enzymes [51]. Phenolic compounds are more inhibitory than furan compounds and organic acids, as phenols can lead to precipitation and irreversible inhibition of lignocellulose-hydrolyzing enzymes [51,52]. Also, since phenols are the most abundant components in soils [53], these compounds may affect the pools and fluxes of soil nutrients by disturbing the communities of microbial decomposers. Generally, vinasses are disposed into soils without any treatment [10], which could cause a disturbance in soils by altering the natural concentration of phenols, thereby affecting soil microbiota and plants. Phenolics, depending on their concentration, have been found to either stimulate or inhibit spore germination. For instance, hyphal growth of saprophytic fungi and hyphal branching are altered by quercetin (30.22 mg/L), p-coumaric acid (16.4 mg/L), ferulic acid (19.41 mg/L), hydroxybenzoic acid (13.81 mg/L) [54,55,56]. Arbuscular mycorrhizal fungi colonization of asparagus roots is decreased by ferulic acid (˃50 µg/g) [55]. Also, other phenolic compounds (trans-Cinnamic acid and p-coumaric acid) inhibit growth of the etiolated seedling and seeding growth of lettuce [57]. Moreover, phenolic compounds present antimicrobial activity against Escherichia coli [58], but also against other Gram-negative and positive bacteria such as Salmonella typhimurium, Shigella dysenteriae, Oenococcus oen and Lactobacillus hilgardii by changing the cell’s membrane permeability DNA binding [59,60], and as a consequence, affecting their ability to serve as selective barriers causing leakage and intracellular damage, leaving cells vulnerable to extracellular toxic compounds [32,34,36,50]. In the tequila vinasses phenolic compounds were found at 108.13–206.32 g/moL, which suggests that p-guaiacol, p-methylguaiacol, phenol, 3-methyl and 4-2(hydroxyethyl)phenol may negatively affect HPB




3.9. Pyrans


Prado-Jaramillo et al. [30] detected the presence of one pyran (3,4-dihydro-2H-pyran) in tequila. Mancilla-Margalli and López [29] reported the presence of three pyrans, such as 2,3-dihydro-4(H)-pyran-4-one maltol, 2,3-dihydroxy-3,5-dihydro-6-methyl-4(H)-pyran-4-one, and 2,3-dihydro-2-methyl-4(H)-pyran-4-one in cooked agave juice. These suggest that pyranic compounds could be present in the vinasses independent of the cooking or not-cooking process.



There is no report about the impact of pyrans on the DF process. Although, 15 mg/L, 5,6 dihydro-2(H)- pyran-2-one has been shown to inhibit growth, and biofilm formation of the Gram-negative bacteria Ralstonia solanacearum [61,62]. All this suggest that the biological processes in all matrices where vinasses are disposed (soil and water) are negatively influenced.




3.10. Relationship between PCA and Not-Cooking (NC) and Cooking (C) Processes


According to PCA, it can be inferred from C1 and C3 that thermal hydrolysis carried out by cooking the agave stems with autoclave show a significant effect on furan compounds formation, (i.e., furfural and HMF), which may inhibit subsequently the fermentative process. Fructans are insoluble in water at room temperature (25 °C) but are soluble at >50 °C [63]. Therefore, hydrolysis is required to obtain fermentable sugars. When the cooking process is carried out, sugars are subjected to a series of complex reactions, mainly caramelization, Maillard and oxidation–dehydration reactions [22]. These reactions are influenced by several factors, such as temperature and period of the cooking process. Furfural is produced by xylose dehydration at elevated temperatures and pressures [34,64]. HMF is generated during the cooking process because of the dehydration of fructose in the initial stages of the Maillard reaction [16,65]. The generation of furfural and HMF is continuously increased throughout the cooking process of agave juice [29]. In our research, C3 vinasse showed a higher presence of acetic acid, which is known to be a degradation product of the Maillard reaction of glucose and fructose [66].



During the not-cooking agave process, acidic hydrolysis is carried out at 80 °C. NC2 vinasses showed a higher presence of phenolic compounds. They might be already present in the feedstock or generated during the initial stages of acid-thermal degradation (NC) of [29,30]. Also, the stems of Agave tequilana Weber var. Azul presented high contents of α-cellulose (65%), hemicellulose (5.5%) and lignin (16.8%) [66]; and when fructans hydrolysis is performed under acidic conditions, the splitting of β-O-4 ether and other acid-labile linkages in lignin forms phenolic compounds [67]. Also, vinasses NC1 and NC3 presented a higher presence of organic acids than might be formed during hemicellulose acid-hydrolysis [68], contributing to the formation of phenolic compounds.





4. Materials and Methods


4.1. Chemicals and Standards Used


All experiments were performed with compounds standard grade and solvents high-performance liquid chromatography (HPLC) grade. 2,4-di-tert-butylphenol, 5-(hydroxymethyl) furfural (HMF), acetic acid, butyric acid, eugenol, formic acid, furfural, furfuryl alcohol, isobutyric acid, methyl-2-furoate, propionic acid, stearic acid and valeric acid standards were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). The HPLC-grade dichloromethane and methanol were supplied by Sigma-Aldrich. The anhydrous sodium sulfate was purchased from Fermont (Fermont, Monterrey, Mexico).




4.2. Samples


Vinasses were obtained from six tequila distilleries located in Tequila, Jalisco, Mexico. The tequila factories were selected from two types of agave juice extraction process, three of them were manufactured by using the traditional process (cooking agave stems) and were coded from C1 to C3; the other three come from a not cooking process and were labeled as NC1 to NC3. Twenty liters of vinasses from each industry were sampled after the distillation process was accomplished. Vinasses were kept at 4 °C until their analysis.




4.3. Volatile Compound Extractions


Volatile compounds were extracted by the liquid–liquid extraction method proposed by Prado-Jaramillo et al. [30] using dichloromethane. Vinasses were placed in a centrifuge tube (40-mL) and 10 mL of CH2Cl2 were added. Subsequently, the samples were shaken for 5 min and centrifuged for 10 min at 5000 rpm and 10 °C. The organic layer was separated and dried with anhydrous Na2SO4. All extracts were concentrated to a final volume of 1.5 mL with a rotatory evaporator IKA® RV 10 basic (IKA, Wilmington, NC, USA). The extracts were settled in suitable amber vials and preserved at −19 °C, until chromatographic analysis. Each vinasse sample was extracted and analyzed in triplicate.




4.4. Separation and Identification of Volatile Compounds


The volatile compounds were analyzed by a gas chromatography (GC) 6890N Network system (Agilent Technology, Santa Clara, CA, USA), coupled to a selective mass spectrometer detector 5975 (Agilent Technology, USA). Compound separations were performed using an HP-FFAP capillary column of 25 m × 0.32 mm (i.d) , coated with a 0.52 µm film (Agilent Technologies, Santa Clara, CA, USA). Helium was used as carrier gas, using a 2 mL/min of flow with an initial temperature of 40 °C for 5 min. Followed by a temperature program of 20 °C/min to 100 °C for 1 min, and by a second rate of 3 °C/min to a final temperature of 230 °C kept for 40 min. The injector temperature was 220 °C, and the injection mode was splitless. The selective mass detector operated an electronic impact ionization system at 70 eV, and at 260 °C. The identification of compounds was based on three criteria: (1) by comparing the mass spectra with the National Institute of Standards and Technology (NIST) library mass spectra; (2) by comparing the retention index with literature data; and (3) whenever possible, the identification was confirmed by using pure standards. Chromatograms obtained from the GC–MS analysis were integrated, and the peak areas were recorded for each identified compound. Quantification was performed by standard curves, obtained by preparing a solution with the different standard compounds in concentrations of 0.5, 1, 5, 10, 15 and 20 mg/L. Interpolation within a linear regression equation (R2 from 0.995 to 0.999) was used to calculate each compound concentration. When a commercial standard was not available, the quantification was achieved using a slope obtained for a standard of an analog compound that was structurally similar, but slightly different, as has been described elsewhere [69].




4.5. Statistical Analysis


All the statistical analyses were achieved with Statgraphics Centurion XVI (Statgraphics, The Plains, VA, USA). An analysis of variance (ANOVA) as well as Fisher’s multiple-range tests of the minimal significant differences (LSD) were performed to find significant differences between C and NC processes in the volatile profile. A PCA was used with the whole data.





5. Conclusions


The profile of volatile compounds was similar in cooking vinasses (C) and not-cooking steam vinasses, but some differences were found in the concentration of volatile compounds, suggesting that the cooking process has an influence on the profile obtained in the vinasse composition. The cooking process increased the content of furanic compounds and organic acids, which are described as inhibitors of DF biohydrogen production from wastewater. The tequila vinasses obtained from a not-cooking process showed a higher presence of phenolic compounds. Although, the identified phenolic compounds have not been reported as inhibitors of the DF process, they may inhibit other biological processes in other matrices such as soil. Detailed description of the vinasses’ composition could help in the development of any process to eliminate compounds that may interfere with biological processes to treat or use those or similar waste products around the world.
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Figure 1. The total concentration of volatile compounds found in tequila vinasses from both processes (not-cooking (NC) and cooking (C)) by functional group. Bars represents mean ± standard deviation. Different lowercase letters indicate significant differences for each compound among the analyzed vinasses (p < 0.05, an analysis of variance (ANOVA)). 
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Figure 2. Principal component analysis (PCA), loadings (volatile compounds), and score plot (NC and C processes) of PC1 and PC2, from all volatile compounds in treatments. 
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Table 1. Volatile compounds identified in tequila vinasses, using gas chromatography coupled with mass spectrometry (GC–MS).
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Number

	
Compound

	
Retention Time (min)

	
Odor Quality a

	
Kovats Retention Index b

	
Sample Found

	
Identification c

	
Reference






	
Acids




	
1

	
Acetic acid

	
11.89

	
sour, astringent, viniegra

	
1680 b

	
All samples

	
MS, IK, STD

	
Wanakhachornkrai & Lertsiri (2003)




	
2

	
Isobutyric acid

	
14.48

	
rancid, butter, cheese, hammy

	
˃1500 b

	
NC1, NC2, NC3, C1, C3

	
MS, IK

	
Chuenchomrat et al. (2008)




	
3

	
Butyric acid

	
16.06

	
-

	
1720 b

	
All samples

	
MS, IK, STD

	
Wanakhachornkrai & Lertsiri (2003)




	
4

	
Isovaleric acid

	
16.43

	
sweat, acid, rancid

	
1864 b

	
All samples

	
MS, IK, STD

	
Jerković et al. (2012)




	
5

	
Valeric acid

	
19.4

	
sweet

	
-

	
NC2

	
MS, IK, STD

	
Chung et al. (1993)




	
6

	
Caproic acid

	
22.5

	
cheese, oil, pungent, sour, rancid, sickening

	
-

	
All samples

	
MS, IK

	
Wanakhachornkrai & Lertsiri (2003)




	
7

	
Oenanthic acid

	
25.82

	
rancid, sour, sweat

	
-

	
NC2

	
MS

	
-




	
8

	
Caprylic acid

	
29.09

	
cheese, fat, grass, oil

	
-

	
NC1, NC2, NC3, C1, C3

	
-

	
-




	
9

	
Benzoic acid, hexahydro-

	
29.79

	
fruit

	
-

	
NC2

	
MS

	
-




	
10

	
9-Decenoic acid

	
37.15

	
-

	
-

	
NC2

	
MS

	
-




	
11

	
Hendecanoic acid

	
41.25

	
oil

	
-

	
NC1, NC3

	
MS

	
-




	
12

	
Lauric acid

	
41.5

	
metal

	
-

	
NC2

	
MS

	
-




	
13

	
3-Methyl-benzoic acid

	
42.56

	
-

	
-

	
All samples

	
MS

	
-




	
14

	
Benzenepropanoic acid

	
44.48

	
-

	
-

	
NC2, C2

	
MS

	
-




	
15

	
Palmitic acid

	
51.775

	
-

	
-

	
All samples

	
MS

	
-




	
16

	
Myristic acid

	
57.6

	
-

	
-

	
All samples

	
MS

	
-




	
Esters




	
17

	
Ethyl orthoformate

	
7.07

	
-

	
1465 b

	
NC2, C2

	
MS

	
-




	
18

	
Ethyl butanoate

	
8.88

	
-

	
˃1493 b

	
C2

	
MS, IK

	
Wanakhachornkrai & Lertsiri (2003)




	
19

	
1,1-Dimethylpropyl ester, pentanoic acid

	
9.38

	
sweet

	
˃1500 b

	
NC1, NC3

	
MS

	
-




	
20

	
Ethyl lactate

	
9.88

	
pungent, rancid, soy

	
-

	
NC2, C1, C2, C3

	
MS, IK

	
Wanakhachornkrai & Lertsiri (2003)




	
21

	
Methylthiohexanoate

	
17.11

	
-

	
˃1500 b

	
NC2

	
MS

	
-




	
22

	
Diethyl succinate

	
17.4

	
-

	
-

	
NC2

	
MS

	
-




	
23

	
Ethyl acetate

	
19.37

	
aromatic, brandy, grape

	
-

	
C2

	
MS, IK

	
-




	
24

	
Methyl salicylate

	
20.43

	
-

	
-

	
NC2

	
MS

	
-




	
25

	
Allyl phenylacetate

	
21.62

	
floral

	
-

	
C2

	
MS

	
-




	
26

	
Ethyl palmitate

	
34.65

	
-

	
-

	
NC1, NC2, NC3, C1, C3

	
MS

	
-




	
27

	
2-Phenylethyl acetate

	
35.4

	
flower, honey, rose

	
-

	
NC1, NC3

	
MS

	
-




	
28

	
Monoethyl succinate

	
38.62

	
-

	
-

	
NC1, NC2, NC3, C1, C3

	
MS

	
-




	
Alcohols




	
29

	
2-Methyl-1-propanol

	
6.36

	
apple, bitter, cocoa, wine

	
1107 b

	
NC1, NC3

	
MS, IK

	
Chuenchomrat et al. (2008)




	
30

	
3,7-Dimethyl-1-octanol

	
6.57

	
-

	
-

	
NC1, NC3

	
MS

	
-




	
31

	
1-Butanol

	
7.21

	
fruit

	
1156 b

	
NC2

	
MS, IK

	
Chuenchomrat et al. (2008)




	
32

	
3-Penten-2-ol

	
7.56

	
-

	
-

	
All samples

	
MS

	
-




	
33

	
2-Butyl-1-Octanol

	
9.26

	
-

	
-

	
NC1, NC3, C1, C2, C3

	
MS

	
-




	
34

	
3-Ethoxy-1-propanol

	
10.37

	
-

	
-

	
C2

	
MS

	
-




	
35

	
2-Ethyl-1-hexanol

	
12.52

	
-

	
˃1361 b

	
C2

	
MS, IK

	
Chung et al. (1993)




	
36

	
1-Decanol, 2-hexyl-

	
13.50

	
-

	
-

	
NC2

	
MS

	
-




	
37

	
2,3-Butanediol

	
14.69

	
-

	
˃1493 b

	
All samples

	
MS, IK

	
Chuenchomrat et al. (2008)




	
38

	
1,2-Propanediol

	
15.1

	
-

	
-

	
NC2, C1, C2

	
MS

	
-




	
39

	
Furfuryl alcohol

	
17.13

	
burnt, caramel, cooked

	
˃1493 b

	
All samples

	
MS, IK, STD

	
Chuenchomrat et al. (2008)




	
40

	
3-(Methylthio)-1-propanol

	
18.65

	
-

	
-

	
C1, C2

	
MS

	
-




	
41

	
1,3-Propanediol

	
20.67

	
-

	
-

	
C2

	
MS

	
-




	
42

	
Benzyl alcohol

	
23.54

	
sweet, flowery, boiled cherries, moss, roasted bread, rose

	
1943 b

	
All samples

	
MS, IK

	
Chuenchomrat et al. (2008)




	
43

	
Phenylethyl Alcohol

	
24.58

	
honey, spice, rose, flowery, caramel

	
1997 b

	
All samples

	
MS, IK

	
Jerković et al. (2012)




	
44

	
Benzene propanol

	
28.66

	
-

	
-

	
All samples

	
MS

	
-




	
45

	
p-Menthane-1,8-diol

	
30.17

	
-

	
-

	
NC1, NC3

	
MS

	
-




	
46

	
1-(2-Furanyl)-1,2-ethanediol

	
44.03

	
-

	
-

	
All samples

	
MS

	
-




	
47

	
1-Phenyl-1-decanol

	
58.78

	
-

	
-

	
NC1, NC3

	
MS

	
-




	
48

	
3-(p-Hydroxyphenyl)-1-propanol

	
58.99

	
-

	
-

	
NC2

	
MS

	
-




	
Aldehydes




	
49

	
Benzaldehyde

	
13.63

	
bitter almond, burnt sugar, cherry, malt, roasted pepper

	
˃1500 b

	
C1, C3

	
MS, IK

	
Wanakhachornkrai & Lertsiri (2003)




	
50

	
4-Methyl-benzaldehyde

	
16.8

	
-

	
˃1500 b

	
NC1, NC2, NC3

	
MS, IK

	
Wanakhachornkrai & Lertsiri (2003)




	
51

	
3-Methyl-benzaldehyde

	
37.35

	
-

	
˃1500 b

	
NC1, NC3, C2

	
MS, IK

	
Wanakhachornkrai & Lertsiri (2003)




	
Alkanes




	
52

	
Dodecane

	
7.823

	
-

	
-

	
All samples

	
MS

	
-




	
53

	
4,6-Dimethyl-dodecane

	
7.90

	
-

	
1200 b

	
C1, C3, NC1, NC3

	
MS, IK

	
Chung et al. (1993)




	
54

	
2,3,6,7-Tetramethyl-octane

	
8.064

	
-

	
1300 b

	
C1, C3

	
MS, IK

	
Chung et al. (1993)




	
55

	
5-Methyl-tridecane

	
9.67

	
-

	
-

	
NC1, NC3, C1, C3

	
MS

	
-




	
56

	
Tetradecane

	
10.54

	
-

	
1400 b

	
All samples

	
MS, IK

	
Jerković et al. (2012)




	
57

	
3,3-Dimethyl-heptane

	
10.61

	
-

	
-

	
NC1, NC3

	
MS

	
-




	
58

	
Farnesan

	
11.13

	
-

	
-

	
NC1, NC3, C2

	
MS

	
-




	
59

	
3-Ethyl-3-methylheptane

	
15.30

	
-

	
-

	
All samples

	
MS

	
-




	
60

	
Nonadecane

	
17.80

	
-

	
1900 b

	
All samples

	
MS, IK

	
Jerković et al. (2012)




	
61

	
Eicosane

	
12.48

	
-

	
2000 b

	
All samples

	
MS, IK

	
Chung et al. (1993)




	
Furanic




	
62

	
2,2,3,3,4,4-Hexamethyltetrahydrofuran

	
8.905

	
-

	
-

	
C1, C3

	
MS

	
-




	
63

	
Furfural

	
12.30

	
almond, baked potatoes, bread, burnt, spice

	
1493 b

	
C1, C2, C3

	
MS, IK, STD

	
Chuenchomrat et al. (2008)




	
64

	
5-Methylfurfural

	
12.38

	
-

	
˃1493 b

	
C1, C2, C3

	
MS, IK

	
Chuenchomrat et al. (2008)




	
65

	
Acetylfuran

	
13.20

	
balsamic, cocoa, coffee

	
-

	
C1, C3

	
MS

	
-




	
66

	
2-Furoate-methyl

	
14.88

	
fruit

	
-

	
All samples

	
MS, STD

	
-




	
67

	
Furan, 2-(1,2-diethoxyethyl)-

	
21.07

	
-

	
-

	
All samples

	
MS, IK

	
-




	
68

	
2-(Hydroxyacetyl)furan

	
27.83

	
-

	
-

	
NC1, NC3

	
MS

	
-




	
69

	
2,5-Dimethyl-2-(2-tetrahydrofuryl) tetrahydrofuran

	
30.37

	
-

	
-

	
All samples

	
MS

	
-




	
70

	
HMF

	
41.99

	
almond, baked potatoes, bread, burnt, spice

	
˃1493 b

	
C1, C2, C3

	
MS, IK, STD

	
Chuenchomrat et al. (2008)




	
71

	
Furan, 2-(1,2-dimethoxyethyl)-

	
32.16

	
-

	
-

	
NC2

	
MS

	
-




	
72

	
Furan, 2-ethoxy-4-ethyl-2,3-dihydro

	
36.04

	
-

	
-

	
C1, C3

	
MS

	
-




	
Ketones




	
73

	
3(2H)-Furanone, dihydro-2-methyl

	
8.8

	
nuts

	
1207 b

	
C1, C2, C3

	
MS, IK

	
Wanakhachornkrai & Lertsiri (2003)




	
74

	
Acetoin

	
9.057

	
butter, creamy, green pepper

	
1306 b

	
NC1, NC2, C1, C2, C3

	
MS, IK

	
Chuenchomrat et al. (2008)




	
75

	
2-Cyclopenten-1-one

	
10.26

	
-

	
-

	
C1, C3

	
MS

	
-




	
76

	
2-Butanone, 3,4-epoxy-3-ethyl

	
13.18

	
-

	
-

	
NC2

	
MS

	
-




	
77

	
2(3H)-Furanone, dihydro-5-methyl-

	
15.87

	
-

	
˃1500 b

	
NC2, C1, C2, C3

	
MS, IK

	
Wanakhachornkrai & Lertsiri (2003)




	
78

	
γ-Butyrolactone

	
16.394

	
caramel, cheese, roasted nut

	
1610 b

	
NC1, NC2, NC3, C1, C2,C3

	
MS, IK

	
Márquez et al. (2010)




	
79

	
2-Cyclopenten-1-one, 2-hydroxy-3-methyl

	
22.04

	
-

	
-

	
C1, C2, C3

	
MS

	
-




	
80

	
α, β-Angelica lactone

	
17.75

	
floral

	
-

	
C1, C2

	
MS, IK

	
-




	
81

	
2,5-Dimethyl-4-hydroxy-3(2H)-furanone

	
22.96

	
burnt, caramel, cotton candy, honey

	
2024 b

	
C1, C3

	
MS, IK

	
Fuhrmann & Grosch (2002)




	
82

	
Furyl hydroxymethyl ketone

	
27.51

	
-

	
-

	
NC3, C1, C2, C3

	
MS

	
-




	
83

	
2(3H)-Furanone, dihydro-3-hydroxy-4,4-dimethyl

	
28.34

	
-

	
-

	
C1, C3

	
MS

	
-




	
84

	
Ethanone, 1-(2,6-dihydroxy-4-methoxyphenyl)

	
39.39

	
-

	
-

	
NC2

	
MS

	
-




	
85

	
Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)

	
54.24

	
-

	
-

	
NC2

	
MS

	
-




	
Phenols




	
86

	
p-Guaiacol

	
23.06

	
burnt, phenol, wood

	
˃1500 b

	
NC2

	
MS, IK

	
Wanakhachornkrai & Lertsiri (2003)




	
87

	
p-Methylguaiacol

	
26.06

	
phenol

	
˃1500 b

	
NC2

	
MS, IK

	
Wanakhachornkrai & Lertsiri (2003)




	
88

	
3-Methyl phenol

	
29.93

	
-

	
-

	
NC2

	
MS

	
-




	
89

	
Phenol, 2-methyl-5-(1-methylethyl)

	
32.31

	
caraway, spice, thyme

	
2189 b

	
NC2

	
MS, IK

	
Jerković et al. (2012)




	
90

	
2,4-Di-tert-butylphenol

	
36.67

	
-

	
-

	
All samples

	
MS

	
-




	
91

	
Phenol, 2-(5-isoxazolyl)

	
45.90

	
-

	
-

	
NC2

	
MS

	
-




	
92

	
Eugenol

	
45.31

	
burnt, clove, spice

	
-

	
NC2

	
MS, STD

	
-




	
93

	
Phenol, 2-(2-methylpropyl)

	
51.53

	
-

	
-

	
NC2

	
MS

	
-




	
94

	
4-(2-Hydroxyethyl) phenol

	
54.59

	
-

	
-

	
C1, C3

	
MS

	
-




	
Pyrans




	
95

	
2H-Pyran-2,6(3H)-dione

	
27.26

	
-

	
-

	
NC1, NC3

	
MS

	
-




	
96

	
2-Pentoxy-tetrahydropyran

	
28.10

	
-

	
-

	
NC1, NC3

	
MS

	
-




	
97

	
4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl

	
35.27

	
-

	
-

	
NC1, NC2, NC3

	
MS

	
-




	
98

	
Pyrrolo[1,2-a] pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)

	
60.62

	
-

	
-

	
C1, C2, C3

	
MS

	
-




	
Others




	
99

	
m-Dioxane, 2-methyl

	
5.96

	
-

	
-

	
C2

	
MS

	
-




	
100

	
p-Dichlorobenzene

	
11.78

	
-

	
-

	
NC1, NC3

	

	
-




	
101

	
m-Di-tert-butylbenzene

	
11.28

	
-

	
-

	
C1, C2, C3

	
MS

	
-




	
102

	
6,7-Dihydro-7-hydroxylinalool

	
26.69

	
-

	
-

	
NC1, NC3

	
MS

	
-




	
103

	
4-Acetoxy-3-methoxystyrene

	
33.29

	
-

	
-

	
NC1, NC3

	
MS

	
-




	
104

	
Ethyl linoleate

	
60.85

	
-

	
-

	
All samples

	
MS

	
-








a Flavor notes reported (Flavor and Extract Manufacturers Association (FEMA)); b obtained from literature; c identification method: MS = mass spectrometry, IK = Kovats index, STD = pure compound (standard).
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