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Abstract

:

Anaerobic digestion (AD) of residues from integrated first- and second-generation ethanol (1G2G) biorefineries is a sustainable method for energy recovery through biogas production. This study evaluated the co-digestion of 1G vinasse, 2G vinasse and pentose liquor (from the pretreatment of sugarcane bagasse for 2G ethanol production) compared to individual digestions using biochemical methane potential (BMP) assays. The results showed some “key” micronutrients from the substrates that affected methane (CH4) production, while their balance provided by co-digestion achieved high digestibility (95%). High iron (Fe) and nickel (Ni) concentrations, in addition to furfural (0.33 g L−1) in pentose liquor seemed to decrease its CH4 production potential. Despite these adverse effects observed in mono-digestion, co-digestion was beneficial for this substrate, increasing digestibility (52%) and BMP (118%). The highest BMP was observed in vinasse 2G (631 ± 6 NmL CH4 gTVS−1), with no significant difference compared to the adjusted modified Gompertz model (624 ± 10 NmL CH4 gTVS−1). The co-digestion system also presented the highest specific CH4 production rate (20 ± 1 NmL CH4 gTVS−1day−1) and shortened the lag phase by 19% compared to the AD of isolated 1G vinasse with the second lowest BMP value (494 ± 11 NmL CH4 gTVS−1).
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1. Introduction


Brazil is the world’s largest producer of sugarcane, which is primarily intended for manufacturing first-generation (1G) ethanol and sugar. The estimate for the 2022/2023 harvest made by the National Supply Company (Conab in Portuguese) was 598.3 million tons and the production of sugar and ethanol was 36.4 million tons and 26.6 billion liters, respectively. The main producer and refiner of sugarcane is the state of São Paulo [1].



Technologies to produce lignocellulosic ethanol, the so-called second-generation (2G) ethanol, have been developed through the use of sugarcane bagasse [1,2], which is traditionally used to generate electrical and thermal energy in combined heat and power (CHP) plants. Such technologies basically involve the following steps: (1) the pretreatment step, i.e., to modify the lignin and hemicellulose structures to decrease the polymerization degree and crystallinity of cellulose; (2) the hydrolysis step, i.e., to obtain fermentable sugars from cellulose and hemicelluloses; and (3) the fermentation step, i.e., to convert the fermentable sugars into ethanol. There is interest in developing the 2G process in sugarcane mills because of the possibility to increase ethanol productivity up to 50% while keeping the same planted sugarcane area [3,4]. However, the Brazilian 2G ethanol industry is still in a consolidation phase and engineering of the mechanical process (which requires significant capital contributions) is the main challenge to overcome [5].



Both 1G and 2G ethanol production processes generate large amounts of residues with high polluting potential. Vinasse from the distillation of ethanol is the most voluminous waste stream generated, ranging from 10 to 15 L of vinasse per liter of ethanol. Its main destination is the fertigation of sugarcane fields due to the appreciable concentrations of calcium (Ca), magnesium (Mg), nitrogen (N), phosphorus (P) and, above all, potassium (K) [6]. Thus, the consumption of fertilizers is reduced; however, excessive addition may cause leaching of ions to deep water or surface runoff and greenhouse gas (GHG) emissions [7], requiring the application of techniques and restrictions for its proper use. The high content of organic matter and salinity, the acid and corrosive character and the presence of phenols and heavy metals are also potential contributors to soil pollution [6].



In the case of 2G ethanol production, attention should be given to the liquid waste from the pretreatment step, with variable compositions depending on the technology process. Physical, chemical, physicochemical and biological treatments or a combination of these processes can be used as a pretreatment [8,9]. Acid pretreatment is the most widely used because of its high yields and cost-effectiveness [10]. The residual liquid (i.e., pentose liquor) is normally composed of sugars (xylose, glucose and arabinose); hemicellulose decomposition products, e.g., oligomers from the polymers and acetate from the hydrolysis of acetyl groups linked to sugars and/or monosaccharides decomposition products, e.g., furfural (product of pentose dehydration); and 5-hydroxymethylfurfural (HMF, product of hexoses dehydration) [3]. The latter may cause inhibition of microbial growth depending on the concentration. However, the organic matter content of pentose liquor suggests it may have the potential to be a substrate for a successful waste-to-energy management process, i.e., anaerobic digestion (AD).



AD can reduce the waste pollutant potential and can recover energy through methane (CH4)-rich biogas production. The digestate is also an added-value product as a fertilizer that can be applied to culture crops, such as the case of digested vinasse from sugarcane biorefineries [7]. With the development of 2G ethanol production, 2G vinasse and pentose liquor management is a concern as there is little information about these substrates for AD, which has mainly been based on modeling and simulation assessments [11]. In the context of integrated 1G2G sugarcane biorefineries, co-digestion of the aforementioned waste arises as an alternative with some technical advantages inherent to the biological processes, e.g., better nutritional supplementation of the medium by the combination of co-substrates, reduction in potential effects of inhibitory and toxic compounds and enhancement of CH4 production [12,13].



The digestibility of waste is generally assessed using biochemical methane potential (BMP) assays. These tests measure the maximum experimental potential for converting the organic fraction present in the substrates into CH4. Initially, a BMP test to evaluate the viability of CH4 production from a given substrate is a necessary step before implementing AD on a full scale [14]. Recent studies have evaluated the BMP of the residue co-digestion from 1G and 2G sugarcane biorefineries. Volpi et al. analyzed vinasse, filter cake (1G) and deacetylation pretreatment liquor from straw (2G) to produce CH4, and they discovered that co-digestion of other waste materials with vinasse increased the BMP of mono-digestion of vinasse by at least 16% [15]. Adarme et al. tested 1G vinasse and hemicelluloses hydrolysate (2G), as well as the addition of yeast extract and sugarcane bagasse fly ash in co-digestion, and attained CH4 yields of 0.279 Nm3 CH4/kg chemical oxygen demand (COD), demonstrating that the co-mingling of waste materials improved anaerobic co-digestion and bolstered CH4 production, thereby furnishing an energy surplus for the process [16]. Wongarmat et al. evaluated sugarcane filter cake, anaerobic sludge and biogas effluent and achieved CH4 yield productions of 92.8 mL CH4/g of volatile solids (VS) [17]. These works highlight the benefits of co-digestion in CH4 production given by the synergistic effects of improving C/N, nutrient supplementation, alkalinity and trace metals, and reducing toxins or inhibitors.



According to the Brazilian Biogas Association, between 2019 and 2021, there was a 100% growth in production capacity, with the installation of 140 new plants, increasing electricity by 38 MW and biomethane by 120,000 m³/day [18]. According to the Ten-Year Plan for Energy Expansion prepared by the Energy Research Company (ERC), the production of biogas from vinasse, filter cake and straw and ends could reach 34.9 billion Nm3 and that of biomethane could reach 19.2 billion Nm3 by 2032 [19], resulting in a potential of 2.1 GW of electricity generation by 2032. Currently, in Brazil, there are 755 biogas plants in operation, totaling an annual production of 2.3 billion Nm3 of biogas, with 11% of these plants using industrial effluents and other organic waste from the industrial process [20]. The first large-scale commercial biogas production plant in Brazil, a partnership between Coopcana and Geo Energética, has been in operation since 2012, and the plant uses vinasse, filter cake and straw, with 10 MW of installed capacity [21]. One of the largest biogas plants in the world, a joint venture between Raízen and Geo Energética, has been in operation in the state of São Paulo-Brazil since 2020; the plant used vinasse and filter cake and has an installed capacity of 21 MW [22].



Despite the significant industrial progress in utilizing 1G ethanol production residues for biogas generation and the literature reporting the use of some 2G ethanol production residues, such as straw pretreatment liquors (deacetylation liquor) and pentose liquor (derived from second-generation bagasse pretreatment for ethanol production), there has been limited discourse on the integration of these residues with 2G vinasse itself for biogas generation. In an industrial context, the production of these liquors will consequently generate 2G vinasse, enabling co-digestion of all residues, both from pretreatment and the vinasse itself. However, the challenge of obtaining 2G vinasse has hindered its evaluation in co-digestion processes with pretreatment residues (liquors).



In light of this context, the objective of this work was to investigate the production of CH4-rich biogas from 1G vinasse, 2G vinasse and pentose liquor generated in 1G and 2G sugarcane ethanol processing. The effects of the substrates in the AD process in a co-digestion system were also investigated. BMP tests and kinetic modeling of experimental data were performed to provide empirical and further conceptual knowledge on co-digestion in the context of an integrated 1G2G sugarcane biorefinery.




2. Results


The physicochemical characterization of the substrates was analyzed based on the organic matter given by the solid series and COD and the levels of volatile organic acids, alcohols and sugars. The values found are shown in Table 1.



The nutritional contents were not similar among the substrates (Table 2). 1G vinasse showed higher concentrations of calcium (Ca), chlorine (Cl) and potassium (K); 2G vinasse had higher contents of sodium (Na) and phosphorus (P), in addition to K; pentose liquor contained higher amounts of aluminum (Al), Ca, Fe, magnesium (Mg), sulfur (S) and K.



The summary results of the BMP tests are presented in Table 3 and the respective curves of cumulative biogas production can be found in Figure S1. Except for pentose liquor, cumulative biogas production and CH4 content in biogas were similar among the substrates. The digestibility of the substrate relates the BMP with the theoretical BMP (TBMP) and is also presented in Table 3. The pentose liquor differed from the other substrates, having low digestibility.



The modified Gompertz model adjusted to the experimental data of cumulative CH4 production for each substrate is presented in Figure 1. The resulting parameters of the model are described in Table 4. It was not possible to fit the pentose liquor experimental data to the modified Gompertz model. An extensive lag phase was observed for the tests, including for microcrystalline cellulose.



The simplified predictive model obtained for representing the correlation of the blend gradient of the co-substrates for specific CH4 production is presented in Equation (1).


BMP = 494 (%1GV) + 631 (%2GV) + 256 (%PL),



(1)







The mixing gradient can also be evaluated by the triangular surfaces presented in Figure 2.




3. Discussion


3.1. Characterization of the Inoculum and Substrates


Pentose liquor and 2G vinasse presented the highest levels of TVS, i.e., 25.8 g L−1 and 26.3 g L−1 (Table 1), respectively, which indicates high potential for biogas production; to a lesser extent, the TVS of 1G vinasse was 18.4 g L−1 (Table 1). The COD values followed a similar trend; the COD TVS−1 ratios (in the range from 1.5 to 1.9) were indicators of booster substrates to methanogenic activity [23], and thus rich-energy substrates.



The concentrations of TS, TVS and COD (Table 1) in 1G vinasse were similar to those found in the literature [24,25]. Variations reflect the seasonality of this substrate, specificities of the ethanol and sugar production process such as fermentation and yeast used, distillation and wort preparation apparatus and specificities of agricultural practices influencing sugarcane plant composition and, consequently, vinasse composition. In the case of 2G vinasse, the higher values of organic matter (Table 1) were probably due to inefficient ethanol distillation in the rotary evaporator (differently from the industrial distillation columns), allowing residual ethanol in vinasse. However, the results were in the range of the few studies found in the literature, which have reported large variability in 2G vinasse composition [26], since the consolidation of the lignocellulosic ethanol process is still underway. The pentose liquor composition (Table 1) was comparable to that reported from acid pretreatments, in which the organic content is mostly composed of reduced sugars [8,27].



The importance of optimal amounts of nutrients and trace elements for AD has long been recognized [28,29]. Chen et al. [30] reported a stimulant effect of nickel (Ni) and cobalt (Co) on methanogenic activity in concentrations of 5 mg L−1, which highlighted the potential benefit of using pentose liquor (the only one with detected Co) as a substrate for AD. However, excess Ni (161.3 mg L−1) in pentose liquor may be a constraint due to inhibition. Other authors have recommended even lower Ni concentrations, i.e., in the range of 0.6–6 mg L−1 [31,32]. All the substrates had a high concentration of Ni, indicating that their dilution may be necessary to improve biogas production. The same has been observed for K concentration, i.e., above 400 mg L−1 a toxic effect has been reported [33]. A high concentration of Al can also be a limiting factor for the use of pentose liquor. Cabirol et al. [34] observed a 50% reduction in methanogenic activity specific to a concentration of 1000 mg L −1 of Al in the form of Al(OH)3. Leighton and Forster [35] reported that above 1500 mg L−1 in the form of Al2(SO4)3 there was an inhibitory effect. In addition, the S concentration is much higher than ideal in both pentose liquor and in 2G vinasse, which would be 1–25 mg L−1 [36]. The ideal iron (Fe) concentration for AD has been reported to be in the range of 1–10 mg L−1 [32,37], placing 2G vinasse as a potential optimum Fe source. Much higher amounts have been found in 1G vinasse and mainly in pentose liquor; however, Demirel and Scherer [38] reported an optimum Fe concentration in the range of 0.28–50.4 mg L−1 specifically for biogas production from agricultural residues. Further investigation on higher Fe concentration in the aforementioned substrates is essential for drawing conclusions about stimulating or inhibitory effects it may cause. Molybdenum (Mo) also acts as an important cofactor with optimum concentration in the range of 0.048–0.35 mg L−1 for AD [38,39], which draws attention to possible dilution needed for 1G vinasse and 2G vinasse for improving biogas production. Such adjustments to the nutritional content of substrates for upgrading CH4 yield might be achieved with the co-digestion process.




3.2. BMP Tests and Digestibility


The largest accumulated biogas volume occurred from 2G vinasse, accordingly with its higher organic matter content. However, the difference in the average volume of accumulated biogas is statistically significant only in the AD of pentose liquor. Pentose liquor showed the lowest biogas production. This difference can be justified by the variation in the composition of the substrates. It is already known that high contents of S (2.23 g L−1), Fe (1.55 g L−1) and Ni (161.3 mg L−1) (Table 2) in pentose liquor can be associated with low production of CH4 [33,40]. 2G vinasse contained a high concentration of ethanol (10.69 g L−1) (Table 1), a compound easily degraded in AD, which would be in trace concentrations in 2G vinasse obtained in industrial distillation columns. The presence of acids, especially acetic acid (1.59 g L−1) and lactic acid (2.26 g L- 1) (Table 1), also favored CH4 production. The concentrations of acetic acid (1.39 g L−1) and lactic acid (2.10 g L−1) in 1G vinasse were similar to those found in 2G vinasse, apart from a residual ethanol content (3.88 g L−1), compounds known to favor CH4 production. Co-digestion did not show significant differences statistically in relation to the AD of 1G vinasse and 2G vinasse, both in terms of accumulated volume of biogas and in BMP and digestibility (Table 3). The co-digestion of the substrates, in which the blend presented the highest values of TVS and COD, in addition to a possible complementation of minerals and metals and minimization of potential inhibitors from pentose liquor (which presented the lowest BMP among the substrates), must have contributed to improve methanogenic activity. Such positive effects caused by the co-digestion process have been previously reported with other co-substrate blends [16,41,42].



The digestibility of cellulose, an easily degradable substrate for AD, was in the inferior limit for validating the BMP tests [39]. Its low digestibility indicates nutritional deficiency of the medium for inoculum activity, which is consistent with the extensive lag phase determined by kinetic modeling (Section 3.3). The other substrates, except pentose liquor, had superior BMP and digestibility, especially the co-digestion test, indicating that the nutrients present in the co-substrates relieved the nutritional poverty of the medium. Among the evaluated substrates, the lowest digestibility of pentose liquor might be related to the presence of S, Fe and Ni in the range to generate a toxic response to methanogenic activity [40], being much higher than the reported values for improving AD. Espinosa et al. [43] reported that the addition of Fe (100 mg L−1), Ni (15 mg L−1), Co (10 mg L−1) and Mo (0.2 mg L−1) to the AD of vinasse increased the methanogenic activity from 0.085 to 0.32 g CH4-COD gVSS−1 d−1. Zitomer [44] found that supplementation with 25 mg L−1 of Ni, Co and Fe resulted in an increase in the CH4 production rate to 0.6 of the biomass samples tested. Araujo [45] found an increase in volumetric CH4 production and in COD removal efficiency from sugarcane vinasse by 101% and 53%, respectively, when concentrations of Fe (76 mg L−1), Ni (0.6 mg L−1) and Co (1.6 mg L−1) were supplemented.



The presence of Cr in pentose liquor may have had a negative effect on CH4 production as well, since it was much higher than the concentration reported as harmful to the process, i.e., 2 mg L−1 [46]. Some potential inhibitors generated from the acid pretreatment such as furfural and derivatives [47] were also detected. The pentose liquor substrate was the only one containing furfural (0.33 g L−1) (Table 1), with a concentration in the range reported for AD inhibition [48,49]. 5-Hydroxymethylfurfural (HMF), known as another AD inhibitor, was also detected but may not have caused a negative effect on CH4 production as it was detected in 2G vinasse as well. In addition, the positive nutritional effect of pentose liquor possibly occurred by its Co content within the optimum range referenced in the aforementioned studies. The results confirmed that co-digestion was able to mitigate the inhibitory effects of pentose liquor because of the improvement in the digestibility (52%) and BMP (118%) values compared to the isolated substrate.



2G vinasse had the highest Mo content, and has previously been reported to contribute to the nutritional medium; an optimum concentration of 5 mg L−1 (almost twice the value of the present work) has resulted in an increase of 11.6% in the volumetric CH4 production from food waste [40]. The presence of W, only verified in this substrate, has also been reported to enhance CH4 production, i.e., 10% improvement was reached from food waste with supplementation of 10 mg of W kgTS−1 [50].



The BMP of 1G vinasse (321 NmL CH4 gCOD−1) was higher than some studies have reported under mesophilic conditions. Peixoto et al. [51] obtained 255.44 NmL CH4 gCOD−1 for sugarcane vinasse using nutritional-supplemented medium and carrying out the experiment at 25 °C. Ramos-Vaquerizo et al. [52] reported a BMP value of 244.64 NmL CH4 gCOD−1 for vinasse from sugarcane ethanol production in Mexico at 26 °C. In the case of 2G vinasse, the present work presented a higher value of BMP compared to the very few works found in the literature. Liu et al. [53] reported a BMP value of 272.09 NmL CH4 gTVS−1 of 2G vinasse (at 35 °C) generated in the ethanol production from sugarcane bagasse submitted to simultaneous saccharification and high-fermentation solid production with delayed inoculation.




3.3. Kinetics and Modeling


The modified Gompertz model adjusted to the experimental data of cumulative CH4 production. The supply of macro- and micronutrients in the medium in synergy with the availability of an easily biodegradable organic compound seemed to be the main factor for shortening the lag phase, which was confirmed by the co-digestion test, which presented shorter lag phase compared to 1G vinasse. This fact illustrates how harmful it is to stop the AD reactor operation during the sugarcane offseason that occurs at the industrial scale for 1G vinasse treatment in most of the Brazilian mills. A long period of consortium acclimatization for effective microbiological activity is needed for the reactor start-up (about 2 months, as shown by our results), which results in considerable loss of CH4 production, and thus energy generation.



Kinetic data (Table 4) confirmed the observed experimental behavior of CH4 production from the assessed substrates. Apart from its high CH4 production potential, the co-digestion test stood out for the highest CH4 production rate, i.e., at least 67% higher compared to the isolated substrates. The lowest CH4 production rate from cellulose corroborated the need for nutritional supplementation to improve the methanogenic activity. Similar to the co-digestion test, the 2G vinasse test presented the highest CH4 production potential but lower CH4 production rate (Rm), similar to that of 1G vinasse.



The simplified predictive model is suitable for blend gradients, in which the percentages of the substrates are close to the extremes and cannot be used predictively for central blending gradients. It was confirmed that the model is statistically significant (p < 0.05) and, notably, 2G vinasse was shown to have the greatest weight to maximize CH4 production. This conclusion is in line with what was observed in the BMP experiment and in the fitted surface (Figure 2). However, through the statistical analysis, it was found that the three substrates had a significant influence (p < 0.05) on the mixing gradient, justifying the application of co-digestion instead of mono-digestion. At the same time, it can be observed that the model did not present a lack of adjustment, in which the sample data were adjusted to the linear model, which can be observed in raw residuals, presented in Figure S2.





4. Materials and Methods


4.1. Inoculum and Substrates


Inoculum and 1G vinasse were collected at the Iracema Mill (Iracemápolis, SP, Brazil) from a high-rate anaerobic bioreactor (BIOPAQ® IC, Paques, SP, Brazil), operated at mesophilic temperature (30 °C) for the treatment of vinasse.



Pentose liquor was obtained from the Pilot Plant for Process Development (PPDP) of the National Biorenewables Laboratory (LNBR), located at the National Center for Energy and Materials Research (CNPEM), Campinas, SP, Brazil. Sugarcane bagasse was subjected to pretreatment with diluted acid in a proportion of 1 kg to 10 L of diluted sulfuric acid (H2SO4) solution 5% (w/v), which was the liquid phase the pentose liquor used in this work. The solid fraction from the pretreatment was washed and subjected to enzymatic hydrolysis with low solids concentration (8% w/v). The resulting hexose liquor was concentrated up to 80 g glucose L−1, and then was followed by the fermentation step. Then, the obtained wine without yeast (centrifuged) was distilled for producing 2G vinasse. The distillation was performed at the Biocatalysis and Biosynthesis Laboratory of the Chemistry Institute of the University of Campinas (Unicamp, Campinas, SP, Brazil) by using a rotary evaporator (model IKA, RV 10 Control) in batches of 1L heated at 80 °C for 30 min. The production ratio of ethanol to 2G vinasse was 1:13 (L).




4.2. BMP Tests


Before the BMP tests, the mesophilic inoculum was acclimatized to the thermophilic temperature (55 °C) by daily increments of 5 °C, for a period of 1 week. When a temperature of 55 °C was reached, the temperature was kept constant until the end of the experiment. The thermophilic temperature was chosen because the vinasse leaves the distillation columns at 85–90 °C in the industrial process, and thus low or no energy demand is needed for cooling the substrates before feeding the AD reactor [15]. The BMP tests were performed according to the VDI 4630 methodology [54] using 250 mL Duran® flasks in triplicates. A schematic of the experimental setup is shown in Figure 3. The flasks were sealed with a pierceable isobutylene isoprene rubber septum, and then placed in an Ethickthecnology (411-FPD) incubator set at thermophilic conditions (55 °C). The headspace was kept at 40% of the total volume. The substrate and inoculum ratio in each flask was 1:2 in terms of TVS. The compositions are summarized in Table 5. Tests with microcrystalline cellulose (Avicel PH-101 cellulose) and with only inoculum were performed as positive and negative controls, respectively. The pH in the flasks was adjusted to the range from 7.0 to 7.9 by adding solutions of 50% (g L−1) sodium hydroxide (NaOH). Then, the flasks were flushed with nitrogen gas (N2) in the liquid medium (3 min) and in the headspace (5 min) after their closure (pressure kept in 5 kgf cm−2) to ensure an anaerobic atmosphere. Three times per week, until the variation of the cumulative CH4 production remained below 1%, biogas was gathered from the headspace using a gastight Hamilton Super Syringe (1 L) inserted through the rubber septum of the flasks. The wet biogas read-off at room temperature was corrected into dry biogas at standard conditions of temperature and pressure (STP) according to the VDI 4630 methodology [54]. The concentration of CH4 was analyzed in a gas chromatograph device, CONSTRUMAQ model U-14 (Construmaq São Carlos, SP, Brazil), equipped with a Hayesep D. column and a thermal conductivity detector (TCD). The carrier gas was hydrogen (H2) at a flow rate of 40 mL min−1, and the injection volume was 3 mL.



The TBMP of each substrate was determined based on their COD by using the stoichiometric relation of 0.35 NL CH4 gCOD−1 (Equation (2)) and digestibility was calculated using Equation (3):


   TBMP = 0     . 35   NL   CH   4       gCOD    − 1   ·   COD   TVS   ,  



(2)






   digestibility =    BMP   TBMP   ,  



(3)




where TBMP is (NmL CH4 gTVS−1), COD is the chemical oxygen demand (gCOD), and TVS is the total volatile solids (gTVS).



Analysis of variance (ANOVA) was used to identify the existence of significant differences among the substrates, and the Tukey test (p < 0.05) was performed to group data. The analyses were performed using the OriginPro 2018 software (OriginLab Corp., Northampton, MA, USA).




4.3. Physicochemical Methods


The organic matter was determined based on solids series and COD, which were determined according to Standard Methods for the Examination of Water and Wastewater [55] (2540 method and 5220B method, respectively). The absorbance reading of samples was performed on a DR 6000 spectrophotometer (HACH, Loveland, CO, USA). The micronutrient analysis was carried out at the Biomass Characterization, Analytical and Calibration Resources Laboratory (LRAC) at the School of Chemical Engineering at the University of Campinas (UNICAMP). For this analysis, X-ray fluorescence equipment (Malvern Panalytical, model Axios 1kW, Malvern, UK) and a hydraulic press (AMEF, model AP-25T) were used. Volatile organic acids, alcohols and sugars were analyzed by high-performance liquid chromatography using a high-performance liquid chromatograph system (HPLC, Shimadzu Scientific Instruments, Kyoto, Japan equipped with a pump apparatus (LC-10ADVP), an automatic sampler (SIL-20A HT), a CTO- 20A column at 43 °C, (SDP-M10 AVP), an Aminex HPX-87H column (300 mm, 7.8 mm, BioRad, Watford, UK) and a refractive index detector. Quantification of furfural and HMF was conducted in the HPLC as well using a Hewlett-Packard RP-18 column. The eluent, consisting of acetonitrile and water (1:8, vv−1) with 1% (ww−1) acetic acid, flowed at a rate of 0.8 mL min−1. Detection was performed with a UV detector set at 274 nm.




4.4. Modeling of Experimental Data


The modified Gompertz model (Equation (4)) was fitted to the cumulative CH4 production data of each BMP test.


   H ( t ) = P  · exp   − exp      R m  ⋅ e  P  ⋅   λ − t    + 1      ,  



(4)




where H is the cumulative specific CH4 production (NmL CH4 gTVS−1), λ is the lag phase time (day), P is the specific CH4 production potential (NmL CH4 gTVS−1), Rm is the maximum specific CH4 production rate (NmL CH4 gTVS−1 day−1), t is the incubation time (day), and e is the Euler number (2.71828).



The kinetic parameters were estimated by using the OriginPro 2018 software (OriginLab Corp., Northampton, MA, USA) through nonlinear regression.



The Mix Design statistical package from the STATISTICA 12.5 software was used to estimate a simplified model for predicting CH4 production according to the proportions of 1G vinasse, 2G vinasse and pentose liquor in the co-digestion process.



Statistical analysis of the predictive model was performed using p-value in STATISTICA 12.5. In addition, the triangular surfaces package was used to obtain the fitted surface, as well as a Pareto chart of standardized effects and raw residuals.





5. Conclusions


The highest BMP value was observed for 2G vinasse (624 NmL CH4 gTVS−1), followed by co-digestion (562 NmL CH4 gTVS−1). In contrast, pentose liquor is not a suitable substrate for CH4 production by mono-digestion. Inhibitory compounds such as furfural and excessive amounts of S, Fe, Ni and Cr hamper the digestion process and reduce digestibility, making it unsuitable for efficient CH4 production. In general, co-digestion proved to be a suitable alternative for waste management of integrated 1G2G sugarcane biorefineries, enhancing (at least 11%) the specific CH4 production potential from 1G vinasse, 2G vinasse and pentose liquor, and consequently, improving energy generation. The nutritional supplementation and attenuation of inhibitory effects achieved with co-digestion contributed to superior digestibility of the blend compared to the isolated substrates, indicating improved consortium methanogenic activity. The modified Gompertz model was satisfactorily adjusted to the experimental data, except for the pentose liquor, in which no convergence was achieved. The highest lag phase of the 1G vinasse AD corroborated the importance of continuous reactor operation throughout the year when considering the industrial scale, as the reactor start-up after the sugarcane offseason would result in considerable delay in achieving the maximum CH4 potential. The reduction of 10 days in such lag phase obtained by the model with the co-digestion reinforced the advantages of this process. The current study holds significant relevance, especially in light of the increasing contribution of biogas derived from sugarcane biorefinery residues to the Brazilian energy matrix in recent years.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/methane2040029/s1, Figure S1: Cumulative biogas production, Figure S2: Pareto chart of standardized effects and raw residuals.





Author Contributions


G.P.F., conceptualization, investigation, methodology, data curation and writing original draft preparation; B.V.M.L., methodology, resources, conceptualization, data curation; M.P.C.V., conceptualization, investigation, methodology, data curation and writing—review and editing; R.P.R., conceptualization, formal analysis, writing—review and editing; B.S.M., conceptualization, formal analysis, writing—review and editing, supervision and funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by FAPESP (São Paulo State Research Support Foundation), grant numbers 2018/12970-8 and 2016/16438-3.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


The authors gratefully acknowledge the support of the Laboratory of Environment and Sanitation (LMAS) at the School of Agricultural Engineering (FEAGRI/UNICAMP), the National Laboratory of Biorenewables (LNBR/CNPEM) and the Interdisciplinary Center of Energy Planning (NIPE/UNICAMP).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lopes, M.L.; de Paulillo, S.C.L.; Godoy, A.; Cherubin, R.A.; Lorenzi, M.S.; Giometti, F.H.C.; Bernardino, C.D.; de Amorim Neto, H.B.; de Amorim, H.V. Ethanol Production in Brazil: A Bridge between Science and Industry. Braz. J. Microbiol. 2016, 47, 64–76. [Google Scholar] [CrossRef]

	



Santos, F.; Eichler, P.; de Queiroz, J.H.; Gomes, F. Production of Second-Generation Ethanol from Sugarcane. In Sugarcane Biorefinery, Technology and Perspectives; Elsevier: Amsterdam, The Netherlands, 2020; pp. 195–228. [Google Scholar] [CrossRef]

	



Chandel, A.K.; Albarelli, J.Q.; Santos, D.T.; Chundawat, S.P.; Puri, M.; Meireles, M.A.A. Comparative Analysis of Key Technologies for Cellulosic Ethanol Production from Brazilian Sugarcane Bagasse at a Commercial Scale. Biofuels Bioprod. Biorefining 2019, 13, 994–1014. [Google Scholar] [CrossRef]

	



Santos, D.C.L.P.; Correa, C.; Alves, Y.A.; Souza, C.G.; Boloy, R.A.M. Brazil and the World Market in the Development of Technologies for the Production of Second-Generation Ethanol. Alex. Eng. J. 2023, 67, 153–170. [Google Scholar] [CrossRef]

	



Grassi, M.C.B.; Pereira, G.A.G. Energy-Cane and RenovaBio: Brazilian Vectors to Boost the Development of Biofuels. Ind. Crops Prod. 2019, 129, 201–205. [Google Scholar] [CrossRef]

	



Fuess, L.T.; Rodrigues, I.J.; Garcia, M.L. Fertirrigation with Sugarcane Vinasse: Foreseeing Potential Impacts on Soil and Water Resources through Vinasse Characterization. J. Environ. Sci. Health Part A 2017, 52, 1063–1072. [Google Scholar] [CrossRef]

	



Carpanez, T.G.; Moreira, V.R.; Assis, I.R.; Amaral, M.C.S. Sugarcane Vinasse as Organo-Mineral Fertilizers Feedstock: Opportunities and Environmental Risks. Sci. Total Environ. 2022, 832, 154998. [Google Scholar] [CrossRef] [PubMed]

	



Devi, A.; Singh, A.; Bajar, S.; Pant, D.; Din, Z.U. Ethanol from Lignocellulosic Biomass: An in-Depth Analysis of Pre-Treatment Methods, Fermentation Approaches and Detoxification Processes. J. Environ. Chem. Eng. 2021, 9, 105798. [Google Scholar] [CrossRef]

	



Nair, R.B.; Lennartsson, P.R.; Taherzadeh, M.J. Bioethanol Production From Agricultural and Municipal Wastes. In Current Developments in Biotechnology and Bioengineering; Elsevier: Amsterdam, The Netherlands, 2017; pp. 157–190. [Google Scholar]

	



Solarte-Toro, J.C.; Romero-García, J.M.; Martínez-Patiño, J.C.; Ruiz-Ramos, E.; Castro-Galiano, E.; Cardona-Alzate, C.A. Acid Pretreatment of Lignocellulosic Biomass for Energy Vectors Production: A Review Focused on Operational Conditions and Techno-Economic Assessment for Bioethanol Production. Renew. Sustain. Energy Rev. 2019, 107, 587–601. [Google Scholar] [CrossRef]

	



Rabelo, S.C.; de Paiva, L.B.B.; Pin, T.C.; Pinto, L.F.R.; Tovar, L.P.; Nakasu, P.Y.S. Chemical and Energy Potential of Sugarcane. In Sugarcane Biorefinery, Technology and Perspectives; Elsevier: Amsterdam, The Netherlands, 2020; pp. 141–163. [Google Scholar] [CrossRef]

	



Rabii, A.; Aldin, S.; Dahman, Y.; Elbeshbishy, E. A Review on Anaerobic Co-Digestion with a Focus on the Microbial Populations and the Effect of Multi-Stage Digester Configuration. Energies 2019, 12, 1106. [Google Scholar] [CrossRef]

	



Fernando Herrera Adarme, O.; Eduardo Lobo Baêta, B.; Cardoso Torres, M.; Camilo Otalora Tapiero, F.; Vinicius Alves Gurgel, L.; de Queiroz Silva, S.; Francisco de Aquino, S. Biogas Production by Anaerobic Co-Digestion of Sugarcane Biorefinery Byproducts: Comparative Analyses of Performance and Microbial Community in Novel Single-and Two-Stage Systems. Bioresour. Technol. 2022, 354, 127185. [Google Scholar] [CrossRef] [PubMed]

	



García, O.D.V.; Neto, A.M.P.; Moretto, M.R.D.; Zaiat, M.; Martins, G. Food-to-Microorganism Ratio as a Crucial Parameter to Maximize Biochemical Methane Potential from Sugarcane Vinasse. Braz. J. Chem. Eng. 2023, 40, 655–671. [Google Scholar] [CrossRef]

	



Volpi, M.P.C.; Brenelli, L.B.; Mockaitis, G.; Rabelo, S.C.; Franco, T.T.; Moraes, B.S. Use of Lignocellulosic Residue from Second-Generation Ethanol Production to Enhance Methane Production Through Co-Digestion. Bioenergy Res. 2022, 15, 602–616. [Google Scholar] [CrossRef]

	



Adarme, O.F.H.; Baêta, B.E.L.; Filho, J.B.G.; Gurgel, L.V.A.; de Aquino, S.F. Use of Anaerobic Co-Digestion as an Alternative to Add Value to Sugarcane Biorefinery Wastes. Bioresour. Technol. 2019, 287, 121443. [Google Scholar] [CrossRef] [PubMed]

	



Wongarmat, W.; Reungsang, A.; Sittijunda, S.; Chu, C.-Y. Anaerobic Co-Digestion of Biogas Effluent and Sugarcane Filter Cake for Methane Production. Biomass Convers. Biorefin. 2022, 12, 901–912. [Google Scholar] [CrossRef]

	



ABiogás. Available online: https://abiogas.org.br/ (accessed on 7 April 2023).

	



Empresa de Pesquisa Energética. Available online: https://www.epe.gov.br/pt/publicacoes-dados-abertos/publicacoes/plano-decenal-de-expansao-de-energia-2032 (accessed on 7 April 2023).

	



CIBiogas. Available online: https://materiais.cibiogas.org/download-panorama-do-biogas-no-brasil-2021 (accessed on 7 April 2023).

	



Geo Elétrica. Available online: https://geobiogas.tech/projeto/geo-eletrica-tamboara (accessed on 7 April 2023).

	



Raízen. Available online: https://www.raizen.com.br/sala-de-imprensa/raizen-inaugura-planta-de-biogas-e-consolida-portfolio-de-energias-renovaveis (accessed on 7 April 2023).

	



Angelidaki, I.; Sanders, W. Assessment of the Anaerobic Biodegradability of Macropollutants. Rev. Environ. Sci. Biotechnol. 2004, 3, 117–129. [Google Scholar] [CrossRef]

	



Kiani Deh Kiani, M.; Parsaee, M.; Safieddin Ardebili, S.M.; Reyes, I.P.; Fuess, L.T.; Karimi, K. Different Bioreactor Configurations for Biogas Production from Sugarcane Vinasse: A Comprehensive Review. Biomass Bioenergy 2022, 161, 106446. [Google Scholar] [CrossRef]

	



Fuess, L.T.; Cruz, R.B.C.M.; Zaiat, M.; Nascimento, C.A.O. Diversifying the Portfolio of Sugarcane Biorefineries: Anaerobic Digestion as the Core Process for Enhanced Resource Recovery. Renew. Sustain. Energy Rev. 2021, 147, 111246. [Google Scholar] [CrossRef]

	



Piacentini Rodriguez, R.; Manochio, C.; De, B.; Moraes, S. Energy Integration of Biogas Production in an Integrated 1G2G Sugarcane Biorefinery: Modeling and Simulation. BioEnergy Res. 2019, 12, 158–167. [Google Scholar] [CrossRef]

	



Moraes, B.S.; Zaiat, M.; Bonomi, A. Anaerobic Digestion of Vinasse from Sugarcane Ethanol Production in Brazil: Challenges and Perspectives. Renew. Sustain. Energy Rev. 2015, 44, 888–903. [Google Scholar] [CrossRef]

	



Gerardi, M.H. The Microbiology of Anaerobic Digesters; John Wiley & Sons: Hoboken, NJ, USA, 2003; ISBN 0471468959. [Google Scholar]

	



Wang, K.; Yun, S.; Xing, T.; Li, B.; Abbas, Y.; Liu, X. Binary and Ternary Trace Elements to Enhance Anaerobic Digestion of Cattle Manure: Focusing on Kinetic Models for Biogas Production and Digestate Utilization. Bioresour. Technol. 2021, 323, 124571. [Google Scholar] [CrossRef]

	



Chen, J.L.; Steele, T.W.J.; Stuckey, D.C. Stimulation and Inhibition of Anaerobic Digestion by Nickel and Cobalt: A Rapid Assessment Using the Resazurin Reduction Assay. Environ. Sci. Technol. 2016, 50, 11154–11163. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Lian, J.; Jiang, Z.; Guo, J.; Guo, Y.; Gou, C. A Study of the Kinetics and the Effect of Trace Elements on Mixed Anaerobic Fermentative Biogas Production by Ternary Quadratic General Rotary Unitized Design. Biotechnol. Biotechnol. Equip. 2016, 30, 90–99. [Google Scholar] [CrossRef]

	



Weiland, P. Anforderungen an Pflanzen Seitens Des Biogasanlagenbetreibers, Tll-Jena, Eigenverlag, 12. Thüringer Bioenergietag 2006, 12, 26–32. [Google Scholar]

	



Chen, Y.; Cheng, J.J.; Creamer, K.S. Inhibition of Anaerobic Digestion Process: A Review. Bioresour. Technol. 2008, 99, 4044–4064. [Google Scholar] [CrossRef] [PubMed]

	



Cabirol, N.; Barragán, E.J.; Durán, A.; Noyola, A. Effect of Aluminium and Sulphate on Anaerobic Digestion of Sludge from Wastewater Enhanced Primary Treatment. Water Sci. Technol. 2003, 48, 235–240. [Google Scholar] [CrossRef]

	



Leighton, I.R.; Forster, C.F. The Effect of Heavy Metal Ions on the Performance of a Two-Phase Thermophilic Anaerobic Digester. Process Saf. Environ. Prot. 1997, 75, 27–32. [Google Scholar] [CrossRef]

	



Scherer, P.; Sahm, H. Influence of Sulphur-Containing Compounds on the Growth of Methanosarcina Barkeri in a Defined Medium. European Journal of Applied Microbiology and Biotechnology 1981, 12, 28–35. [Google Scholar] [CrossRef]

	



Seyfried, C.F.; Bode, H.; Austermann-Haun, U.; Brunner, G.; von Hagel, G.; Kroiss, H. Anaerobe Verfahren Zur Behandlung von Industrieabwässern. Korresp. Abwasser 1990, 37, 1247–1251. [Google Scholar]

	



Demirel, B.; Scherer, P. Trace Element Requirements of Agricultural Biogas Digesters during Biological Conversion of Renewable Biomass to Methane. Biomass Bioenergy 2011, 35, 992–998. [Google Scholar] [CrossRef]

	



Rajagopal, R.; Massé, D.I.; Singh, G. A Critical Review on Inhibition of Anaerobic Digestion Process by Excess Ammonia. Bioresour. Technol. 2013, 143, 632–641. [Google Scholar] [CrossRef]

	



Zhang, W.; Zhang, L.; Li, A. Enhanced Anaerobic Digestion of Food Waste by Trace Metal Elements Supplementation and Reduced Metals Dosage by Green Chelating Agent [S, S]-EDDS via Improving Metals Bioavailability. Water Res. 2015, 84, 266–277. [Google Scholar] [CrossRef] [PubMed]

	



Janke, L.; Weinrich, S.; Leite, A.F.; Schüch, A.; Nikolausz, M.; Nelles, M.; Stinner, W. Optimization of Semi-Continuous Anaerobic Digestion of Sugarcane Straw Co-Digested with Filter Cake: Effects of Macronutrients Supplementation on Conversion Kinetics. Bioresour. Technol. 2017, 245, 35–43. [Google Scholar] [CrossRef] [PubMed]

	



López González, L.M.; Pereda Reyes, I.; Romero Romero, O. Anaerobic Co-Digestion of Sugarcane Press Mud with Vinasse on Methane Yield. Waste Manag. 2017, 68, 139–145. [Google Scholar] [CrossRef] [PubMed]

	



Espinosa, A.; Rosas, L.; Ilangovan, K.; Noyola, A. Effect of Trace Metals on the Anaerobic Degradation of Volatile Fatty Acids in Molasses Stillage. Water Sci. Technol. 1995, 32, 121–129. [Google Scholar] [CrossRef]

	



Zitomer, D.H.; Johnson, C.C.; Speece, R.E. Metal Stimulation and Municipal Digester Thermophilic/Mesophilic Activity. J. Environ. Eng. 2008, 134, 42–47. [Google Scholar] [CrossRef]

	



De Araujo, D.M. Digestão Anaeróbia de Vinhaça Em Reatores UASB Termofílicos, Em Série, Com Adição de Fe, Ni e Co. Master’s Dissertation, Universidade Estadual Paulista Júlio de Mesquita Filho, Jaboticabal, SP, Brazil, 2017. [Google Scholar]

	



Hu, Q.; Sun, J.; Sun, D.; Tian, L.; Ji, Y.; Qiu, B. Simultaneous Cr(VI) Bio-Reduction and Methane Production by Anaerobic Granular Sludge. Bioresour. Technol. 2018, 262, 15–21. [Google Scholar] [CrossRef] [PubMed]

	



Soares, L.B.; Bonan, C.I.D.G.; Biazi, L.E.; Dionísio, S.R.; Bonatelli, M.L.; Andrade, A.L.D.; Renzano, E.C.; Costa, A.C.; Ienczak, J.L. Investigation of Hemicellulosic Hydrolysate Inhibitor Resistance and Fermentation Strategies to Overcome Inhibition in Non-Saccharomyces Species. Biomass Bioenergy 2020, 137, 105549. [Google Scholar] [CrossRef]

	



Baêta, B.E.L.; Lima, D.R.S.; Adarme, O.F.H.; Gurgel, L.V.A.; de Aquino, S.F. Optimization of Sugarcane Bagasse Autohydrolysis for Methane Production from Hemicellulose Hydrolyzates in a Biorefinery Concept. Bioresour. Technol. 2016, 200, 137–146. [Google Scholar] [CrossRef]

	



Fox, M.; Noike, T. Wet Oxidation Pretreatment for the Increase in Anaerobic Biodegradability of Newspaper Waste. Bioresour. Technol. 2004, 91, 273–281. [Google Scholar] [CrossRef]

	



Facchin, V.; Cavinato, C.; Fatone, F.; Pavan, P.; Cecchi, F.; Bolzonella, D. Effect of Trace Element Supplementation on the Mesophilic Anaerobic Digestion of Foodwaste in Batch Trials: The Influence of Inoculum Origin. Biochem. Eng. J. 2013, 70, 71–77. [Google Scholar] [CrossRef]

	



Peixoto, G.; Luis, J.; Pantoja-Filho, R.; Augusto, J.; Agnelli, B.; Barboza, M.; Zaiat, M.; Biotechnol, A.B.; Peixoto, G.; Pantoja-Filho, J.L.R.; et al. Hydrogen and Methane Production, Energy Recovery, and Organic Matter Removal from Effluents in a Two-Stage Fermentative Process. Appl. Biochem. Biotechnol. 2012, 168, 651–671. [Google Scholar] [CrossRef] [PubMed]

	



Vaquerizo, F.R.; Cruz-Salomon, A.; Valdovinos, E.R.; Pola-Albores, F.; Lagunas-Rivera, S.; Meza-Gordillo, R.; Ruiz Valdiviezo, V.M.; Simuta Champo, R.; Moreira- Acosta, J. Anaerobic Treatment of Vinasse from Sugarcane Ethanol Production in Expanded Granular Sludge Bed Bioreactor. J. Chem. Eng. Process Technol. 2017, 9, 375. [Google Scholar] [CrossRef]

	



Liu, Y.; Xu, J.; Zhang, Y.; Yuan, Z.; He, M.; Liang, C.; Zhuang, X.; Xie, J. Sequential Bioethanol and Biogas Production from Sugarcane Bagasse Based on High Solids Fed-Batch SSF. Energy 2015, 90, 1199–1205. [Google Scholar] [CrossRef]

	



Deutscher, V. Fermentation of Organic Materials Characterisation of the Substrate, Sampling, Collection of Material Data, Fermentation Tests; VDI: Alexisbad, Germany, 2006. [Google Scholar]

	



Rice, E.W.; Baird, R.B.; Eaton, A.D.; Clesceri, L.S. Standard Methods for the Examination of Water and Wastewater, 22nd ed.; American Public Health Association: Washington, DC, USA, 2012; ISBN 978-0-87553-013-0. [Google Scholar]








[image: Methane 02 00029 g001] 





Figure 1. Adjustment to the experimental values of the cumulative CH4 production of each test under thermophilic conditions (55 °C) to the modified Gompertz model: ■ Microcrystalline cellulose; ● 1G vinasse; ▲ 2G vinasse; ◆ co-substrate. 
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Figure 2. Fitted surface of the blend gradient of the substrates for specific CH4 production: (a) 2D; (b) 3D. 
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Figure 3. Demonstration of the experimental setup. 
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Table 1. Physicochemical characterization of the substrates of the BMP tests.
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	1G Vinasse
	2G Vinasse
	Pentose Liquor





	pH
	5.5
	5.0
	2.0



	Total solids (TS) (g L−1)
	26.0
	33.2
	28.3



	Total fixed solids (FS) (g L−1)
	7.7
	6.9
	2.5



	Total volatile solids (TVS) (g L−1)
	18.4
	26.3
	25.8



	Total suspended solids (TSS) (g L−1)
	0.4
	4.2
	0.4



	Fixed suspended solids (FSS) (g L−1)
	0
	0.5
	0.1



	Volatile suspended solids (VSS) (g L−1)
	0.4
	3.7
	0.3



	COD (g L−1)
	28.3
	48.7
	41.5



	Glucose (g L−1)
	1.56
	2.91
	2.59



	Malic acid (g L−1)
	6.76
	0.15
	0.21



	Acetic acid (g L−1)
	1.39
	1.59
	3.68



	Lactic acid (g L−1)
	2.10
	2.26
	0.00



	Formic acid (g L−1)
	0.00
	0.00
	0.41



	Propionic acid (g L−1)
	1.74
	2.85
	1.00



	Iso-butyric acid (g L−1)
	0.00
	0.80
	0.00



	Butyric acid (g L−1)
	5.00
	0.00
	0.00



	Succinic acid (g L−1)
	1.99
	0.60
	0.52



	Ethanol (g L−1)
	3.88
	10.69
	3.48



	HMF (g L−1)
	0.03
	0.18
	0.02



	Furfural (g L−1)
	0.00
	0.00
	0.33










 





Table 2. Concentration of macro- and micronutrients in the substrates.
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	Micronutrient
	1G Vinasse
	2G Vinasse
	Pentose Liquor





	Al (mg L−1)
	89.7
	3.5
	917.2



	Br (mg L−1)
	4.6
	4.1
	N/D



	Ca (mg L−1)
	1711.4
	82.2
	575.5



	Cl (mg L−1)
	2361.6
	N/D
	7.1



	Co (mg L−1)
	N/D
	N/D
	7.2



	Cr (mg L−1)
	N/D
	N/D
	33.9



	Cu (mg L−1)
	4.2
	N/D
	1.9



	Fe (mg L−1)
	313.2
	8.6
	1553.7



	K (mg L−1)
	5868.8
	3028
	1114.4



	Mg (mg L−1)
	500.7
	40.2
	275.9



	Mn (mg L−1)
	29.9
	1.1
	76



	Mo (mg L−1)
	0.9
	2.7
	N/D



	Na (mg L−1)
	228.2
	5537.5
	82.6



	Ni (mg L−1)
	2.3
	1.6
	161.3



	P (mg L−1)
	512.2
	2705.3
	138.3



	Rb (mg L−1)
	9.7
	0.7
	2.7



	S (mg L−1)
	N/D
	848.7
	2237.1



	Si (mg L−1)
	N/D
	245.3
	572.7



	W (mg L−1)
	N/D
	5.7
	N/D



	Zn (mg L−1)
	33.1
	10.5
	6.8







Note: N/D, not detected.













 





Table 3. Summary results of the biochemical methane potential (BMP) tests of the isolated substrates and their co-digestion.
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	Assay
	Cumulative Biogas Production (mL) *
	CH4 Concentration (%) *
	TBMP (NmL CH4 gTVS−1)
	BMP (NmL CH4 gTVS−1) *
	Digestibility *





	Cellulose
	959 ± 56
	53 ± 3
	415
	395 ± 53
	95 ± 13%



	1G vinasse
	1000 ± 12 a
	51 ± 8 a
	538
	494 ± 11 a
	92 ± 2% a



	2G vinasse
	1160 ± 6 a,b
	55 ± 5 a
	647
	631 ± 6 a
	98 ± 1% a



	Pentose liquor
	814 ± 34 a,c
	46 ± 3 a
	562
	256 ± 26 b
	46 ± 5% b



	Co-digestion
	1020 ± 58 a,b
	58 ± 8 a
	588
	557 ± 59 a
	95 ± 10% a







* Average ± standard error. Values within a column with the same letter are not significantly different at 5% probability by Tukey.













 





Table 4. Parameters of the modified Gompertz model found through the nonlinear regression of the OriginPro 2018 software.
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	Assay
	P (NmL CH4 gTVS−1)
	λ (Day)
	Rm (NmL CH4 gTVS−1 Day−1)
	Adj. R²
	Reduced Chi2





	Cellulose a
	439 ± 10
	35.8 ± 0.7
	8.5 ± 0.3
	0.999
	1.273



	1G vinasse a
	510 ± 16
	50 ± 1
	11.2 ± 0.6
	0.998
	3.020



	2G vinasse a
	624 ± 10
	25 ± 1
	12 ± 1
	0.998
	2.506



	Co-digestion a
	562 ± 12
	40.4 ± 0.4
	20 ± 1
	0.999
	0.302







a average ± standard error.













 





Table 5. The compositions of flasks for the BMP tests.
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Assay

	
Assay

	
Inoculum

	
Substrate






	
Negative control

	
Inoculum

	
150.00 mL

	
-




	
Positive control

	
Cellulose

	
148.00 mL

	
0.49 g




	
Mono-digestion

	
1G vinasse

	
124.30 mL

