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Abstract

:

Corn stover is the most produced byproduct from maize worldwide. Since it is generated as a residue from maize harvesting, it is an inexpensive and interesting crop residue to be used as a feedstock. An ecologically friendly pretreatment such as autohydrolysis was selected for the manufacture of second-generation bioethanol from corn stover via whole-slurry fermentation at high-solid loadings. Temperatures from 200 to 240 °C were set for the autohydrolysis process, and the solid and liquid phases were analyzed. Additionally, the enzymatic susceptibility of the solid phases was assessed to test the suitability of the pretreatment. Afterward, the production of bioethanol from autohydrolyzed corn stover was carried out, mixing the solid with different percentages of the autohydrolysis liquor (25%, 50%, 75%, and 100%) and water (0% of liquor), from a total whole slurry fermentation (saving energy and water in the liquid–solid separation and subsequent washing of the solid phase) to employing water as only liquid medium. In spite of the challenging scenario of using the liquor fraction as liquid phase in the fermentation, values between 32.2 and 41.9 g ethanol/L and ethanol conversions up to 80% were achieved. This work exhibits the feasibility of corn stover for the production of bioethanol via a whole-slurry fermentation process.
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1. Introduction


Environmental, social, and economic issues worldwide regarding overpopulation and the excessive usage of fossil-related fuels are leading to the search for new, alternative, and sustainable kinds of energy [1,2]. In this context, the employment of promising lignocellulosic materials (LCM) as a renewable source for the production of biofuels, following a biorefinery approach, is essential in a circular economy point of view [3,4,5].



Among the LCM, different wood-based materials, which represent an abundant and cheap source of biomass to obtain biofuels, are employed. However, the utilization of byproducts obtained as a residue from crop harvesting are encouraged in order to leverage their features, into a green economy concept [6,7,8]. Bearing this in mind, maize (Zea mays L.) is considered one of the most noteworthy crops due to its high production worldwide [9,10]. Furthermore, the reported production of grain and residue (corn stover) confirms that equal amounts of each are produced [11]. Thus, corn stover is the most extensive byproduct in the world, with 1060 million tons per year globally. Therefore, this raw material may be used as source for bioenergy production [12]. For that, the production of bioethanol from corn stover implies three main steps: raw material pretreatment, enzymatic hydrolysis of cellulose to glucose, and bioconversion of the sugar into ethanol via fermentation.



Corn stover is an agricultural residue whose suitability and great potential to obtain bioethanol has been extensively evaluated [13,14,15]. For that, a pretreatment that allows an optimal fractionation of the raw material is essential. This may contribute to surpassing the natural recalcitrance of the lignocellulose against degradation, enabling hemicellulose or lignin solubilization while enhancing the enzymatic susceptibility of cellulose [16,17,18]. Among the most appealing pretreatments, the employment of an eco-friendly process, such as autohydrolysis, is appropriate for this purpose [19,20]. In this case, the autohydrolysis process consists of mixing water with the raw material in a high-pressurized reactor at high temperatures. During the process, self-ionization of water in the form of hydronium ions (H3O+) takes place, which plays the role of catalyst in the reaction together with other organic acids (namely, acetic acid from acetyl groups). The main advantage of this process implies the use of an acid-free solvent, such as water [21]. It also avoids corrosion problems with the reactor, as seen with other processes using acid and alkaline pretreatments [22]. Moreover, the hemicellulosic fraction is solubilized, leading to an autohydrolysis liquor or hydrolysate rich in hemicellulosic-derived compounds in oligomeric or monomeric form, while the cellulose and lignin are mostly recovered in the solid fraction. In addition, autohydrolysis treatment enhances the enzymatic susceptibility of cellulose by augmenting its surface area and decreasing its crystallinity, in addition to being able to solubilize lignin up to a certain degree [23].



Nevertheless, the production of bioethanol from lignocellulosic biomass is not cost-effective on a large scale due to the high cost associated with the pretreatment. Among the strategies used for the reduction of operational cost of the process, the use of whole slurry, where both solid and liquid phases are employed, is very attractive due to its advantages. Some of the benefits are the slight increase in the sugar content (derived from hemicellulose and cellulose fractions) of the fermentation media, eluding separation steps, washing of the solid phase, or the excessive usage of water as liquid phase for the fermentation [24]. This strategy has also been evaluated using other raw materials and pretreatments [25,26].



Traditional procedures for the exploitation of the solid and liquid phases require a prior separation of the fractions, with a resulting consumption of water and energy to wash the pretreated biomass [27]. Regarding this, a strategy based on one-pot reactions would entail both environmental and economic advantages, avoiding the isolation or purification of intermediate components [28,29]. Consequently, it is a beneficial process owing to being cost-effective, reducing the energy consumption, saving water, and preventing compound loss [27]. Nevertheless, it is also a challenging procedure due to the soluble derived compounds of the pretreatment (weak acids, furans or phenolic compounds) potentially affecting the lignocellulosic bioethanol process by inhibiting saccharification and fermentation [25].



Hence, the main aim of this work was the use of whole slurry at high-solid loadings, derived from corn stover pretreatment using water as the reaction medium (known as autohydrolysis), for second-generation bioethanol production. For that, the effect of autohydrolysis treatment on the enzymatic saccharification of cellulose was assessed at different severity conditions. Afterward, the inhibitory effect of autohydrolysis liquor on simultaneous saccharification and fermentation (SSF) process was evaluated. In this context, several SSF assays were carried out employing different proportions of autohydrolysis liquor as liquid phase, from only water to a whole-slurry process (0%, 25%, 50%, 75%, 100%). Ethanol concentration and conversion were determined and compared to evaluate the viability of this strategy. In this context, despite the challenging scenario, the strategy proposed in this work enabled obtaining an ethanol concentration higher than 4% (w/w). Therefore, this work opens the door to a corn stover valorization process using a one-pot approach toward the feasibility of lignocellulosic bioethanol production.




2. Materials and Methods


2.1. Raw Material and Its Chemical Analysis


Corn stover was locally collected (A Bola, Ourense, NW Spain) and milled to a particle size smaller than 8 mm. The air-dried lot was homogenized and stored in a dark, dry, and cool place until its use.



Chemical composition analysis was performed following National Renewable Energy Laboratory (NREL) procedures to determine polysaccharides by quantitative acid hydrolysis with 72% w/w sulfuric acid [30], moisture [31], ashes [32], and extractives [33]. The solid insoluble fraction after quantitative acid hydrolysis was determined as Klason lignin, while the liquid fraction was subjected to liquid chromatography (HPLC) analysis for monosaccharides and acetic acid determination using an Agilent HPLC, Aminex HPX-87H column at 60 °C, with a mobile phase of 0.01 M H2SO4 at a flow rate of 0.6 mL/min using a refractive index detector at 40 °C.




2.2. Autohydrolysis of Corn Stover


Autohydrolysis in a non-isothermal regime was carried out in a 3.75 L high-pressurized reactor (model 4551, Parr Instruments Company, Moline, IL, USA). It was equipped with a thermocouple to measure the temperature, stirred with four-blade turbine impellers (150 rpm), heated by an external fabric mantel, and cooled with a water flowing in an internal stainless-steel loop. The liquid-to-solid ratio (LSR) was set at 9 g water/g dry corn stover. In order to have a better understanding of the harshness of the pretreatment, the severity (S0) [34] was determined using the following equation:


   S 0  = log  R 0  = log (  R   0  H E A T I N G     +    R   0  C O O L I N G     ) = log  (   [   ∫ 0   tMAX      exp · (   T  ( t )  −  T  R E F    ω    ) · dt  ]  +  [   ∫  tMAX   tF   exp ·  (      T ′    ( t )  −  T  R E F    ω   )  · dt  ]   )  ,  



(1)




where R0 is the severity factor. R0 HEATING is the severity factor during the heating stage and corresponds to the first integral from time 0 to time tMAX, which is the time (min) needed to reach the target temperature TMAX (°C). On the other hand, R0 COOLING is the severity factor during the cooling stage and corresponds to the second integral from time tMAX to tF, which is the time (min) employed in the whole heating–cooling process, i.e., the time needed for the whole pretreatment to finish. T(t) and T’(t) are the temperature profiles in the heating and cooling stages, respectively. The severity was calculated employing the values reported commonly for TREF and ω (100 °C and 14.75 °C, respectively).



Once the set temperature was achieved, the reactor was cooled to room temperature, and the pretreated mixture was filtered to separate the solid fraction and the autohydrolysis liquor. The solid fraction was washed and subjected to gravimetric determination to calculate the solid yield (SY). For chemical composition, pretreated corn stover was air-dried and milled to a particle size smaller than 0.5 mm for the quantitative acid hydrolysis procedure, as explained in Section 2.1. The liquid fraction was employed for nonvolatile compound (NVC) determination, direct analysis in HPLC for monomeric sugar identification, and quantitative acid posthydrolysis with 4% w/w H2SO4 (121 °C, 20 min) to analyze oligomeric sugar determination through HPLC (by subtracting the sugar content in the direct analysis via HPLC from the sugar content after hydrolysis).




2.3. Enzymatic Susceptibility of the Solid Fractions


Enzymatic hydrolysis (EH) assays were performed with the aim of studying the enzymes (cellulase and cellobiase) accessibility to the cellulose of the solid fractions. The conditions employed were as follows: temperature of 48.5 °C, pH of 4.85 (using 0.05 N citric acid–sodium citrate buffer), agitation of 150 rpm, LSR of 25 g/g, cellulase-to-substrate ratio (CSR) of 25 filter paper units (FPU)/g substrate, and cellulase-to-cellobiase ratio (CCR) of 5 IU/FPU. These conditions were selected according to previous studies [35,36]. The EH assays were performed for 72 h in duplicate and analyzed via HPLC for glucose measurement.



The commercial enzymes were kindly provided by Novozymes (Madrid, Spain). The cellulase activity of Celluclast 1.5 L (from Trichoderma reesei) was determined via the filter paper assay and expressed as filter paper units [37] with a value of 70 FPU/mL. The β-glucosidase activity of Novozyme 188 was measured as international units [38] with a value of 630 IU/mL.



For comparative purposes among the assays at different autohydrolysis temperatures, the glucose concentration of the EH assays was expressed in terms of glucan-to-glucose conversion (GGC, %) via the following equation:


  GGC = 100 ·    G t  −  G  t = 0       Gn   100   ·     180   162   ·    ρ  L S R + 1 −     KL   100       ,  



(2)




where Gt is the glucose concentration (g/L) achieved at time t, and Gt = 0 is the glucose concentration at the beginning of the experiments. The denominator of this fraction expresses the potential glucose concentration (corresponding to total conversion of the substrates into glucose), where Gn is the glucan content of pretreated corn stover (g glucan/100 g autohydrolyzed corn stover, oven-dried basis, o.d.b.), 180/162 is the stoichiometric factor for glucan hydration upon hydrolysis, ρ is the density of the reaction medium (with an average value of 1005 g/L), LSR is the liquid-to-solid ratio, and KL is the Klason lignin content of autohydrolyzed corn stover (g Klason lignin/100 g autohydrolyzed corn stover, o.d.b.).




2.4. Yeast Cultivation and Inoculum Preparation


The Saccharomyces cerevisiae CECT-1170 strain obtained from the Spanish Type Culture Collection in Valencia (Spain) was grown in a medium of glucose (10 g/L), peptone (5 g/L), yeast extract (3 g/L), and malt extract (3 g/L) for 24 h at 32 °C. Once the yeast was grown, cells were inoculated to obtain a concentration of 1.5 g/L in the fermentation assays.




2.5. Simultaneous Saccharification and Fermentation of the Whole Slurries after Autohydrolysis


Autohydrolyzed corn stover was used as substrate for the simultaneous saccharification and fermentation (SSF) experiments employing either water or liquor (at different liquor percentages). For the fermentation assays (Figure 1) of whole slurry, pretreated corn stover was not washed, maintaining the liquor phase, while, for the other experiments (liquor percentages 0–75%), autohydrolyzed corn stover was washed with water, subsequently mixing with the liquor in the defined conditions and taking into account the moisture content of the solid fraction. Consequently, different schemes were studied: the employment of autohydrolyzed corn stover mixed with water (percentage liquor-water of 0%) or at different liquor–water percentages of 25%, 50%, 75%, and 100%. Figure 1 shows a flow diagram of the proposed schemes carried out in this work.



The conditions employed were as follows: temperature of 35 °C, agitation of 120 rpm, LSR of 6 g/g, cellulase-to-substrate ratio (CSR) of 15 FPU/g substrate, and cellulase-to-cellobiase ratio (CCR) of 5 IU/FPU, employing the same enzymes as in the enzymatic hydrolysis assays (see Section 2.3). Flasks containing the autohydrolyzed corn stover and liquor–water (in the amounts needed) and a Pyrex screw cap bottle with nutrients (to get a final concentration in the assays of 5 g/L of peptone, 3 g/L of yeast extract, and 3 g/L of malt extract) were autoclaved for 15 min at 121 °C. SSF assays were performed in duplicate. Samples were withdrawn at desired times and centrifuged, and the supernatant was filtered and analyzed via HPLC for glucose and ethanol measurement. Ethanol may be quantified as concentration (g/L) or ethanol conversion (EC) as shown in the following equation:


  EC = 100 ·   Et    (    Gn   100   ·     92   162   +  (  G + GO  )  ·   92   180    )  ·    ρ  L S R + 1 −     KL   100       ,  



(3)




where Et is the ethanol concentration (g/L) achieved at time t, 92/162 is the stoichiometric factor for the conversion from glucan to ethanol, 92/180 is the stoichiometric factor for the conversion from glucose or glucooligosaccharides to ethanol, G and GO are the glucose and glucooligosaccharides, respectively, present in the liquid phase of each experiment (g/L), ρ is the density of the reaction medium (with an average value of 1005 g/L), LSR is the liquid-to-solid ratio, and KL is the Klason lignin content of autohydrolyzed corn stover (g Klason lignin/100 g autohydrolyzed corn stover, o.d.b.).



Additionally, the volumetric productivity (QP, g ethanol/(L·h)) can be a suitable approach to set the best operational conditions from a techno-economic point of view, and it is calculated as follows:


   Q P  =      [  Et  ]   t   t  ,  



(4)




where [Et]t is the ethanol concentration (g/L) at a time t (hours).




2.6. Statistical Analysis


The SSF assays were performed in duplicate, and results of maximum ethanol concentration and ethanol concentration at 72 h were presented as mean values ± standard deviation (SD). Statistical analysis was carried out using the software R (version 4.0.2). Differences among ethanol concentrations when using different liquor percentages (0%, 25%, 50%, 75%, and 100%) for each temperature of autohydrolysis (210, 220, 230, and 240 °C) were tested with a one-way analysis of variance (ANOVA) followed by Tukey’s test. Differences were considered as statistically significant when p < 0.05.





3. Results and Discussion


3.1. Raw Material and Autohydrolysis Treatment: Chemical Analysis Composition


The chemical composition of corn stover is shown in Table 1, displaying similar values to those obtained by other authors [6]. As seen, the sum of polysaccharides accounted for 56.8% of raw material, showing its potential for bioethanol production.



As indicated in Table 2, corn stover was subjected to non-isothermal autohydrolysis at maximum temperatures of 200, 210, 220, 230, and 240 °C (corresponding with severities of 3.93, 4.20, 4.48, 4.75, and 5.03, respectively). The wide range of temperatures respond to the necessity of studying (i) milder conditions that aid the recovery of a great majority of hemicellulosic-derived compounds in the liquid fraction, and (ii) harsher conditions that facilitate the accessibility of enzymes to the cellulose of the solid fraction, making it suitable for bioethanol production. Table 2 shows the main results of the solid and liquid fractions after autohydrolysis pretreatment.



Firstly, solid yield (SY) decreased when the severity augmented, in a range of 64.5–55.5 g of autohydrolyzed corn stover/100 g of raw material. Similarly, nonvolatile compounds (NVCs) were reduced in harsher conditions from 32.3 g/100 g of raw material at 200 °C to 18.8 g/100 g of raw material at 240 °C. On the contrary, volatile compounds (VCs, calculated from the difference between SY and NVC) increased to 25.7 g/100 g of raw material for the highest severity evaluated (S0 = 5.03). This behavior can be explained due to the compounds in the extractives and to the sugar degradation reactions that provoke the transformation of saccharides into volatile compounds (such as acetic acid, hydroxymethylfurfural, or furfural) [39].



Referring to the solid fraction, the glucan content stayed at similar values throughout the temperatures (55.4–62.6 g of glucan/100 g of autohydrolyzed corn stover) with an average recovery of 87.4% regarding the initial glucan. Klason lignin values varied between 28.5 and 39.7 g of lignin/100 g autohydrolyzed corn stover (with an average recovery of 87.0%), showing some degree of lignin solubilization at lower temperatures as reported for other lignocellulosic biomasses such as Eucalyptus globulus [40] and higher recoveries in harsher conditions due to lignin repolimerization as explained for Paulownia wood [20] and vine shoots [41]. In addition, the relative percentage of acid-insoluble lignin extracted from hydrothermal pretreatment under high-severity conditions can be considered as pseudo-lignin [42], which could be formed through reactions on lignin aromatic rings or acid-catalyzed condensation reactions on fragmented polysaccharides [43]. On the other hand, hemicelluloses (xylan, arabinan, and acetyl groups) were mostly solubilized in all conditions (especially in the harshest ones). Hence, small amounts of hemicelluloses remained in the solid fraction, with values of about 6.55 g of hemicelluloses/100 g of autohydrolyzed corn stover in the mildest conditions, and an almost total solubilization in the harshest conditions (with recoveries of about 34% and 0.1% regarding initial hemicelluloses, respectively). Hence, glucan and lignin were recovered, almost quantitatively, in the solid phase, representing the almost total composition of this fraction with about a 93.4 g/100 g of autohydrolyzed corn stover (in average), increasing from 61.8 g/100 g regarding the raw corn stover. Similar results were obtained for autohydrolysis treatment of stover samples from several maize genotypes [36].



Regarding the liquid fraction, the oligosaccharide content stands out in the milder conditions, especially the xylooligosaccharide form, with values up to 15.7 and 14.2 g oligomers/L (at temperatures of 200 and 210 °C, respectively), which represent 77.9% and 65.8% of compounds in the liquid fraction. In addition, xylooligosaccharides were released in the autohydrolysis liquor at values of 70.1% and 63.2% regarding initial xylan at temperatures of 200 and 210 °C. Similar operational conditions (205 °C, yielding 15.8 g oligosaccharides/L) were found by Buruiana et al. (2014) as optimal for the non-isothermal autohydrolysis of corn stover [35]. In on, study, the hydrothermal processing of peanut shells [21], performed at 210 °C (S0 = 4.09), resulted in concentrations of soluble oligomers compounds of 9.05 g/L, which are much lower than those obtained in this work. In another study, Gullón et al. (2018) reported high concentrations of oligosaccharides from chestnut shells (18.3 g/L) under milder autohydrolysis conditions (180 °C and S0 = 3.08) [44]. Additionally, degradation products in the optimal temperature for oligosaccharide recovery (200 °C) accounted for almost 3 g/L, a very similar value to that reported by Rico et al. (2018) after autohydrolysis of peanut shell at 210 °C with about 3.7 g/L [21].



In harsher conditions, the oligomer content was drastically reduced (values lower than 4 g/L) due to depolymerization phenomena into simple sugars (monomers). Acetic acid, hydroxymethylfurfural, and furfural had an increasing tendency with severity achieving values up to 5.18, 0.84, and 1.97 g/L, respectively.




3.2. Effect of the Autohydrolysis Severity on the Enzymatic Susceptibility of the Solid Fractions


In order to study and test the enzyme’s accessibility to the autohydrolyzed corn stover at different severities of pretreatment, basic for an efficient production of bioethanol, enzymatic hydrolysis assays were carried out for 72 h under favorable conditions to get an overall knowledge of the saccharification susceptibility of each solid. Results are displayed in Figure 2. Autohydrolyzed corn stover at 210–240 °C showed high values of glucan-to-glucose conversion (GGC) of 86.7–94.1% at 72 h, becoming a suitable solid for the subsequent fermentation process. Similarly, Romaní et al. (2010) achieved almost quantitative conversions of glucan to glucose in enzymatic hydrolysis when employing temperatures of autohydrolysis of 220–240 °C, corresponding to S0 = 4.38–4.97, on Eucalyptus globulus [39].



Nonetheless, autohydrolyzed corn stover at 200 °C obtained a GGC at 72 h of 65.5%, which reflects lower and less significant susceptibility to enzyme attack, probably due to the higher retention of hemicelluloses in the solid fraction that hinders easy access to the cellulose [45,46] and to the distribution of cellulose, most likely in the form of crystalline and long fibers instead of short and amorphous structures [47]. These values can be positively compared to those obtained by Dávila et al. (2019) after saccharification of autohydrolyzed vine shoot at a S0 = 4.01, with a cellulose-to-glucose conversion of 49% [46]. Pontes et al. (2018) reported similar glucose yields (40–60%) in the enzymatic hydrolysis of autohydrolyzed mixtures of forest and marginal land biomasses at a temperature of 196 °C (S0 = 3.93) [17].




3.3. Simultaneous Saccharification and Fermentation (SSF) of the Whole Slurries after Autohydrolysis


After the autohydrolysis process, a suspension of autohydrolyzed corn stover (mainly composed of glucan and lignin, as shown in Table 2) and an autohydrolysis liquor (mainly composed of hemicellulosic-derived compounds, as shown in Table 2) was obtained, echibiting three different possibilities for their use in the production of bioethanol (as seen in Figure 1): (i) employing the whole slurry in the SSF process, (ii) partially separating both liquid and solid fractions for different liquor percentages in the SSF, and (iii) totally separating both fractions, with a consequent washing of the solid phase, employing water as the liquid phase in the SSF assays. The former option is the easiest and most economic one, using a one-pot process, even allowing the possibility of fermenting the hemicellulosic-derived compounds, which increases the ethanol concentration [24,48]. However, the degradation products present in the liquor (namely, furan and phenolic compounds) may inhibit the growth of the yeast and reduce the enzyme activity [49]. On the other hand, the latter option permits the separation of the hemicellulosic-derived compounds in a different stream to be used in other applications for the food industry (e.g., prebiotics and sweeteners) or the chemical industry (e.g., furfural) [50,51], albeit implying a higher economic cost due to the solid–liquid separation and the washing of the solid fraction to avoid technical issues due to the presence of inhibitory compounds.



Bearing this in mind, the use of liquor in different proportions (100%, 75%, 50%, 25%) and the use of water (0% of liquor) as the liquid phase for the SSF processes was proposed. Furthermore, taking into account the results from previous enzymatic hydrolysis, substrates from the temperature of 200 °C were discarded for the subsequent step of fermentation due to their low enzymatic susceptibility, compared with the others. Thus, solid fractions from autohydrolysis of 210, 220, 230, and 240 °C were subjected to SSF at industrial-level conditions of high-solid loading (LSR = 6 g/g, CSR = 15 FPU/g, and CCR = 5 UI/FPU), which allow the production of ethanol at a high concentration reducing evaporation costs [25]. In addition, a commitment temperature of 35 °C, between that optimal for the enzyme (48.5 °C) and the yeast (32 °C), was selected. Figure 3 displays the time course of ethanol concentration reached during SSF of autohydrolyzed corn stover using different liquor percentages. Table 3 summarize the maximum ethanol concentration, maximum ethanol conversion, ethanol concentration at 72 h, and volumetric productivity at 72 h.



In general, concentrations between 32 and 42 g of ethanol/L were achieved in all of the experiments, with the exception of the SSF performed using the solid pretreated at 240 °C and with 100% and 75% of liquor, which did not lead to ethanol production, probably owing to the high quantity of inhibitory compounds in the autohydrolysis liquor such as acetic acid (5.18 g/L), hydroxymethylfurfural (0.65 g/L), or furfural (1.63 g/L) that inhibit the yeast growth [52,53].



Firstly, SSF of the solid pretreated at 210 °C (Figure 3a) showed faster and higher ethanol productions when using 50% or 25% liquor as liquid phase. Ethanol concentrations at 72 h displayed significant differences (p < 0.05) for SSF assays with those liquor percentages when compared to the other experiments. This may be as a consequence of the glucose and glucooligosaccharides in the medium (that can be easily and rapidly employed by the yeast or attacked by the enzymes) and the lower amounts of xylooligosaccharides in the diluted liquor that may act as inhibitors to enzymes and yeasts in a whole-slurry fermentation [16,54]. Meanwhile using water as liquid phase resulted in similar ethanol concentrations to those obtained with 25% (about 35–36 g/L).



SSF from autohydrolyzed solid at 220 and 230 °C (Figure 3b,c, respectively) resulted in similar values of ethanol titer regardless of the liquor percentage employed (between 37.7 and 41.9 g/L), reaching the highest value with the SSF using the solid hydrothermally treated at 230 °C and 100% liquor (close to 80% ethanol conversion). However, the first 24 h in this SSF reflected a delay in the delivery of ethanol, possibly because the yeast stayed longer in the lag phase, accustomed to the higher amounts of degradation products [53], which favored an increase in the concentration and a faster assimilation of the glucose. In this case, SSF carried out with solid and liquor from hydrothermally pretreated corn stover at 230 °C did not show significant differences (p > 0.05) at maximum ethanol concentrations, whereas SSF assays with solid and liquors from 220 °C were significantly different (p < 0.05) when using water (0% of liquor) and using any other percentage of liquor.



Lastly, SSF from solid pretreated at 240 °C (Figure 3d) at higher percentages of liquor (100% and 75%) was unable to produce ethanol. This was due to the elevated concentration of inhibitors, such as acetic acid, furans, or even humic compounds (that were not identified in this work) that disabled the yeast in the fermentation process [55]. In spite of this, the enzymes aided the production of glucose, as can be seen in the time courses, obtaining cellulose-to-glucose conversions of 58% and 62% for 100% and 75% liquor, respectively, which can be compared to results obtained for enzymatic hydrolysis of autohydrolyzed corn stover with water as the liquid medium. Thus, under this condition, enzyme inhibition was observed, probably as a consequence of the higher concentration of phenolic compounds in the liquor and high-solid loading in the fermentation assay, causing precipitation of the enzymes [25]. On the other hand, SSF experiments with liquor percentages of 0%, 25%, and 50% reached maximum ethanol concentrations between 36.8 and 37.5 g/L, with significant differences (p < 0.05) between them and those from assays with liquor percentages of 75% and 100%.



Summing up, ethanol conversions of around 70% were achieved in the best conditions of SSF from autohydrolysis at 210, 220, and 240 °C, whereas a conversion of about 80% was accomplished in the SSF from autohydrolysis at 230 °C while employing a liquor percentage of 100%. In addition, 40 g/L of ethanol is the suggested ethanol concentration goal for a commercial manufacture for second-generation bioethanol [56], and the SSF assays from autohydrolyzed corn stover achieved values close to and above this recommendation. Moreover, if employing the xylose and xylooligosaccharides for biofuel production, the concentration may increase to 7.6 g/L from hemicellulosic ethanol of autohydrolyzed liquor of 210 and 220 °C.



In Table 3, the volumetric productivity of ethanol was calculated at 72 h owing to the fact that, at that time, the great majority of ethanol was already produced. In this case, values ranging from 0.254–0.571 g ethanol/(L·h) were achieved, with the exception of the SSF at 240 °C with 100% and 75% of liquor with 0.012 and 0.017, respectively. Higher values of QP, above 0.500 g/(L·h), were obtained with the solid and liquor of autohydrolysis at 230 °C. Volumetric productivities close or above 0.400 g/(L·h) were achieved for SFF of 210 and 240 °C. On the contrary, SSF assays at 220 °C resulted in a QP around 0.300 g ethanol/(L·h). These results demonstrate faster and higher ethanol production when employing the solid and liquid phase from autohydrolysis at 230 °C.



SSF assays carried out with the autohydrolyzed corn stover at 210 °C with liquor percentages of 100% and 25% seem interesting due to the possibility of using the compounds in the remaining liquor for other purposes (such as in the food or the chemical industries or even for the production of ethanol when employing xylose-metabolizing microorganisms [48]), while exhibiting ethanol concentrations of 32.6–36.3 g/L and ethanol conversions between 59% and 68%. On the other hand, SSF from autohydrolyzed corn stover at 230 °C with liquor percentages of 100% and 75% achieved very positive results regarding the maximum ethanol concentration (40.7–41.9 g/L), maximum ethanol conversion (77–79%), and volumetric productivity (0.383–0.522 g/(L·h)).




3.4. Overall Mass Balance


In order to summarize and get a better perception of the results, an overall mass balance was calculated using the data from autohydrolysis and SSF. Figure 4 shows the schemes leading to higher ethanol titers for each temperature configuration (keeping in mind the amount of liquor employed in the SSF assays).



Beginning with 100 kg of corn stover o.d.b., the autohydrolysis process resulted in different amounts of oligomers in the liquid fraction, depending on the severity of treatment: 13.0, 3.66, 0.97, and 0.48 kg respectively. Conversely, furans and acetic acid increased from values of 3.85 kg at 210 °C to 7.30 kg at 230 °C. However, the autohydrolyzed solid fraction maintained values of glucan and lignin of 32.235.6 kg and 17.2–22.1 kg, while hemicelluloses decreased from 3.26 to 0.02 kg.



After the SSF process at optimal conditions of percentage of liquor for each temperature, 13.7–15.6 kg of ethanol was obtained. On the one hand, the scheme with autohydrolysis at 210 °C and 25% of liquor as the liquid medium could achieve 14.0 kg of ethanol, while liquor rich in hemicellulose-derived compounds could be employed for other applications. Conversely, autohydrolysis at 230 °C seemed optimal for the employment of a highly susceptible solid fraction toward enzymes and a percentage of liquor–water of 100% (15.6 kg of ethanol), which implies a whole-slurry SSF scheme that may be the base for a one-pot process for the production of bioethanol from autohydrolyzed corn stover.





4. Conclusions


Corn stover is an inexpensive byproduct from the maize industry that is very suitable as raw material in a biorefinery process based on ethanol production. Specifically, autohydrolysis, an eco-friendly pretreatment, allowed good fractionation of the feedstock, maintaining a highly enzymatically susceptible solid fraction (composed of glucan and lignin) and a liquid fraction with hemicellulosic-derived compounds. Furthermore, the use of whole-slurry SSF permitted the use of all fractions (based on a one-pot strategy) to obtain bioethanol, avoiding energetic and economic loss. SSF assays using the solid and 100% liquor from autohydrolysis at 230 °C reached the highest yield and ethanol concentration (41.9 g/L). Summarizing, the configuration process strategy evaluated in this work demonstrates the suitability of corn stover for bioethanol production even under challenging conditions.
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Figure 1. Configuration process strategies followed in this work for ethanol production from corn stover using the following as the liquid phase for the simultaneous saccharification and fermentation stage: (a) water (0% liquor), (b) liquor–water mixture (25%, 50%, and 75% liquor), and (c) liquor (100%), in a whole-slurry process. 
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Figure 2. Effect of the pretreatment temperature on the enzymatic accessibility to the solid phase, represented with the glucose concentration and the glucan to glucose conversion after 72 h of saccharification at liquid-to-solid ratio (LSR) = 25 g/g, cellulase-to-substrate ratio (CSR) = 25 filter paper units (FPU)/g, cellulase-to-cellobiase ratio (CCR) = 5 international units (IU)/FPU, pH = 4.85, and temperature = 48.5 °C. 
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Figure 3. Time courses of ethanol concentration (g/L) in simultaneous saccharification and fermentation (SSF) assays from autohydrolyzed corn stover at (a) 210, (b) 220, (c) 230, and (d) 240 °C. G and Et correspond to the glucose and ethanol concentration, respectively, whereas 100, 75, 50, 25, and 0 reflect the liquor content (%) in the liquid phase employed for SSF. 
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Figure 4. Overall mass balance after SSF in optimized conditions for corn stover autohydrolyzed at (a) 210, (b) 220, (c) 230, and (d) 240 °C (components expressed in kg/100 kg raw corn stover). 
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Table 1. Chemical composition of corn stover.
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	Component
	g/100 g Oven-Dried Corn Stover ± Standard Deviation





	Glucan
	39.5 ± 0.4



	Xylan
	15.2 ± 0.2



	Arabinan
	2.07 ± 0.05



	Acetyl groups
	2.16 ± 0.01



	Klason lignin
	22.3 ± 0.0



	Ashes
	5.28 ± 0.06



	Extractives
	8.20 ± 0.18



	Proteins
	4.25 ± 0.06
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Table 2. Conditions, solid yield (SY), nonvolatile compounds (NVCs), volatile compounds (VCs, by difference), and chemical composition of the solid and liquid fractions after autohydrolysis of corn stover (including the standard deviation determined with three replicates).
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Temperature (°C)

	
200

	
210

	
220

	
230

	
240




	
S0 (dimensionless)

	
3.93

	
4.20

	
4.48

	
4.75

	
5.03




	
SY (g of autohydrolyzed corn stover/100 g of raw material)

	
64.5

	
57.5

	
56.1

	
55.7

	
55.5




	
NVC (g of nonvolatile compounds in liquid fraction/100 g of raw material)

	
32.3

	
31.5

	
23.8

	
20.8

	
18.8




	
VC (g of volatile compounds in liquid fraction/100 g of raw material)

	
3.14

	
11.0

	
20.0

	
23.5

	
25.7




	
Solid fraction composition (g/100 g of autohydrolyzed corn stover, oven-dried basis (o.d.b.))




	
Glucan

	
55.4 ± 0.3

	
61.9 ± 0.4

	
62.6 ± 0.5

	
60.5 ± 0.3

	
58.0 ± 0.5




	
Xylan

	
8.82 ± 0.15

	
5.19 ± 0.14

	
2.98 ± 0.06

	
1.87 ± 0.09

	
0.00 ± 0.00




	
Arabinan

	
0.52 ± 0.06

	
0.06 ± 0.02

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00




	
Acetyl groups

	
0.80 ± 0.05

	
0.42 ± 0.08

	
0.15 ± 0.07

	
0.06 ± 0.02

	
0.03 ± 0.01




	
Klason lignin

	
28.5 ± 0.2

	
30.0 ± 0.3

	
33.9 ± 0.1

	
36.2 ± 0.7

	
39.7 ± 0.2




	
Others (by difference)

	
5.96

	
2.43

	
0.36

	
1.38

	
2.22




	
Liquid fraction composition (g/L)




	
Glucose

	
0.69

	
0.57

	
0.84

	
0.73

	
0.53




	
Xylose

	
0.56

	
1.89

	
2.05

	
0.86

	
0.28




	
Arabinose

	
0.28

	
0.56

	
0.25

	
0.00

	
0.00




	
Acetic Acid

	
2.58

	
3.44

	
4.70

	
5.03

	
5.18




	
Hydroxymethylfurfural

	
0.05

	
0.11

	
0.23

	
0.55

	
0.65




	
Furfural

	
0.29

	
0.80

	
1.97

	
1.96

	
1.63




	
Glucooligosaccharides

	
2.57 ± 0.06

	
3.15 ± 0.01

	
2.13 ± 0.02

	
1.03 ± 0.05

	
0.39 ± 0.04




	
Xylooligosaccharides

	
11.6 ± 0.2

	
10.5 ± 0.0

	
1.82 ± 0.01

	
0.00 ± 0.00

	
0.12 ± 0.01




	
Arabinooligosaccharides

	
0.93 ± 0.06

	
0.54 ± 0.01

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00




	
Acetyl groups linked to oligosaccharides

	
0.59 ± 0.02

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00
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Table 3. Main results obtained from whole-slurry SSF assays: maximum ethanol concentration ([Ethanol]MAX), maximum ethanol conversion (ECMAX), ethanol concentration at 72 h ([Ethanol]72 h), and volumetric productivity at 72 h (QP 72h), along with standard deviations. Different letters indicate significant differences (p < 0.05).
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Autohydrolysis Temperature (°C)

	
Liquor (%)

	
[Ethanol]MAX (g/L)

	
ECMAX (%)

	
[Ethanol]72 h (g/L)

	
QP 72h (g/(L·h))






	
210

	
100

	
32.6 ± 1.0 a

	
59 ± 2.9

	
28.5 ± 1.7 a

	
0.395 ± 0.023




	
75

	
32.2 ± 1.0 a

	
59 ± 1.8

	
30.3 ± 0.3 ab

	
0.421 ± 0.004




	
50

	
33.6 ± 0.2 a

	
62 ± 0.3

	
33.6 ± 0.2 bc

	
0.467 ± 0.002




	
25

	
36.3 ± 0.5 a

	
68 ± 0.9

	
35.2 ± 0.5 c

	
0.489 ± 0.007




	
0

	
34.8 ± 1.4 a

	
66 ± 2.6

	
30.0 ± 0.4 ab

	
0.417 ± 0.006




	
220

	
100

	
37.7 ± 0.5 ab

	
68 ± 0.8

	
18.3 ± 1.1 a

	
0.254 ± 0.015




	
75

	
38.2 ± 0.4 b

	
69 ± 0.8

	
27.2 ± 1.7 b

	
0.377 ± 0.008




	
50

	
39.1 ± 0.3 b

	
71 ± 0.5

	
24.5 ± 1.3 b

	
0.340 ± 0.016




	
25

	
38.3 ± 0.2 b

	
71 ± 0.3

	
23.6 ± 1.1 ab

	
0.328 ± 0.014




	
0

	
34.6 ± 1.1 a

	
64 ± 2.0

	
23.3 ± 1.1 ab

	
0.324 ± 0.011




	
230

	
100

	
41.9 ± 1.4 a

	
79 ± 2.6

	
27.6 ± 1.6 a

	
0.383 ± 0.022




	
75

	
40.7 ± 1.1 a

	
77 ± 2.0

	
36.5 ± 2.0 b

	
0.522 ± 0.028




	
50

	
40.3 ± 1.7 a

	
76 ± 3.3

	
35.6 ± 1.5 ab

	
0.509 ± 0.022




	
25

	
40.0 ± 0.8 a

	
76 ± 1.5

	
40.0 ± 0.8 b

	
0.571 ± 0.011




	
0

	
38.1 ± 1.5 a

	
73 ± 2.8

	
38.1 ± 1.5 b

	
0.544 ± 0.021




	
240

	
100

	
0.85 ± 0.3 a

	
1.7 ± 0.6

	
0.85 ± 0.3 a

	
0.012 ± 0.002




	
75

	
1.29 ± 0.1 a

	
2.5 ± 0.3

	
1.26 ± 0.1 a

	
0.017 ± 0.001




	
50

	
37.5 ± 0.7 b

	
74 ± 1.4

	
35.1 ± 1.2 c

	
0.488 ± 0.000




	
25

	
36.8 ± 1.7 b

	
73 ± 3.4

	
28.6 ± 1.6 b

	
0.398 ± 0.023




	
0

	
37.2 ± 2.0 b

	
74 ± 4.0

	
32.7 ± 2.0 bc

	
0.454 ± 0.016
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