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In this work, we have tested individual and combination of applications of ozonolysis and liquid hot water (LHW) to pretreat sugarcane bagasse (SCB) for the removal of enzyme and/or microbial inhibitors and generation of potential value-added chemicals. A solid content with 80% cellulose and a liquid phase (liquor) rich in phenolic derived compounds (3 g.L−1) from lignin, sugars (>20 g.L−1), and other compounds, such as furfural and hydroxymethylfurfural (HMF), were generated. Maximal (59%) glucan conversion occurred in the presence of double-pretreated bagasse, which had 32–50% more glucan available than the samples that were individually LHW or ozone-pretreated, resulting in maximal ethanol production (92% after 42 h) from double-pretreated SCB enzyme hydrolyzate. In summary, this work showed that ozone reacts effectively with lignin without the use of any other chemical reagent, and LHW pretreatment, followed by a washing step, was effective in solubilizing and cleaning up the fiber enzyme and microbial inhibitory compounds with ozone being effective against phenolics. Moreover, the generated cellulose-rich substrate is readily fermentable. The acidic liquor fraction removed by sequential washings and containing mainly sugars and phenolic compounds may be evaluated for use in green chemistry bioconversions processes.
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INTRODUCTION
The high resistance of cellulose to degradation is the main biological barrier to lignocellulosic processing on a large scale (Ximenes et al., 2021). To overcome that, the application of mild and eco-friendly pretreatment techniques have been preferred instead of traditional acid or alkali pretreatments that have been previously proposed for lignocelluloses. Compared to the latter two pretreatments, hydrothermal pretreatment can be performed in a large scale under more gentle conditions (Pedersen and Meyer, 2010; Ruiz et al., 2020).
Liquid hot water (LHW) and to a lesser extent ozonolysis have been tested for the pretreatment of different lignocellulosic materials with LHW pretreatment being one of the leading pretreatments since it improves cellulose digestibility at lower cost, and is carried out once without chemicals (Kim et al., 2009; Kim et al., 2011; Kim et al., 2013; Ximenes et al., 2017; Ruiz et al., 2020; 2021). When choosing operational conditions of pretreatment, it is important to consider the type of biomass as well as the formed lignocellulosic degradation products that are inhibitory to downstream biochemical reactions (Ko et al., 2015a,b,c; Jonsson and Martin, 2016, Ximenes et al., 2017; Ruiz et al., 2021). In this sense, LHW pretreatment of a variety of lignocellulosic materials has included a wide range of operational conditions, including temperature, resident time, particle size, and water-to-solid biomass ratio, among others, and aims to avoid the formation of enzyme and/or microbial inhibitors. Hydrothermal pretreatment is generally performed under conditions of 150–230°C for 10–50 min and pressures corresponding to about 4.9–20 bars (Kim et al., 2009; Rasmussen et al., 2014; Ximenes et al., 2017; Aguilar et al., 2018; Pino et al., 2018; Ruiz et al., 2021). Hydronium ions act as catalysts to hydrolyze and solubilize hemicellulose at an elevated temperature, while acetic acid and other organic acids generated from hemicellulose also facilitate this process (Weil et al., 1998; Kim I. J. et al., 2014; Kim Y. et al., 2014; Ximenes et al., 2017; Ruiz et al., 2020).
Ozonolysis is a less studied pretreatment than LHW and represents another promising approach for lignocellulosic treatment since it has a high specificity of reaction with ozone gas being readily obtained at atmospheric pressure and room temperature. Other benefits are moderate cost of production and no wastewater generation (Barros et al., 2013; Gitifar et al., 2013; Panneerselvam et al., 2013; Travaini et al., 2013; Perrone et al., 2016).
Combined pretreatments of lignocellulosic substrates have recently been proposed for different types of biomass aiming at a more effective result when individual features of the two pretreatments are combined. A more effective recovery of lignin and hemicellulose is possible with the potential of maximizing their application in a biorefinery concept (Sun et al., 2016). The estimated global production of bio-based chemicals and polymers is about 50 million metric tonnes per year (mtpy), but most chemicals and polymers are still produced from petroleum sources (Jong et al., 2012; Rosales-Calderon and Arantes, 2019).
Lignocellulosic materials consist of ∼30% lignin by weight and 40% by energy (Perlack et al., 2005; Beauchet et al., 2012). In this sense, lignin is a valuable resource that merits further study to increase the commercial viability of a biorefinery (Agrawal et al., 2014), although technologies aiming to convert lignin to macromolecules and aromatic chemicals are still under development (Rosales-Calderon and Arantes, 2019). Potential uses of lignin-derived products already include production of activated carbon, binders, carbon fibers, motor fuel, plastic materials, and sorbents (Demuner et al., 2019). The combination of ozonolysis and LHW pretreatments tested here to enhance enzymatic hydrolysis, and alleviate inhibition during saccharification and fermentation of sugarcane bagasse (SCB) is also attractive for generating valued compounds from phenolic compounds derived from lignin.
MATERIAL AND METHODS
Material
SCB from 2013/2014 period of harvesting was supplied by Alta Mogiana sugarcane mill (São Joaquim da Barra, Brazil). The experimental work was developed between 2015 and 2017. The biomass was washed six times with deionized (DI) water, dried in an oven at 45°C to 10% or lower humidity, and milled to a particle size of about 1.0 mm before use. Enzymatic cocktails CellicTM CTec2® and HTec2® were provided by Novozymes Latin America (Araucária, Brazil). All other reagents and chemicals, unless otherwise noted, were purchased from Sigma-Aldrich (St. Louis, MO, United States). The fermentative industrial strain (Saccharomyces cerevisiae JP1) was provided by AEB Latin America (Sao José dos Pinhais, Brazil).
Pretreatments of Biomass
Two types of pretreatments were evaluated individually and/or in a combined sequence. Ozonolysis was performed using O3 gas to chemically oxidize biomass components, and LHW was employed as a physical process using water as the reagent. Combined ozonolysis was performed first to degrade lignin, and then followed by LHW. Operational conditions of each one are described.
Ozonolysis
Ozonolysis was performed at room temperature and atmospheric pressure, according to Travaini et al. (2013), with few modifications. In total, 25.0 g of dry SCB were humidified at 50% (w/v) with DI water, filled in a fixed bed glass column (2.7 × 50.0 cm), and kept under saturated gas O3 (flux of 32.0 mg min−1) for 60 min. Ozone was produced from atmospheric air by the corona process (Radast 10C, Ozoxi-Ozonio). Ozone flux was monitored according to the Standard Methods for the Examination of Water and Wastewater (APHA, 1998). After pretreatment, SCB was air-dried at room temperature prior to cold water washing, performed by a five-step sequential procedure. Each step was carried out mixing 5.0% (w/v) of pretreated SCB with DI water under 30 min of agitation at room temperature, followed by filtration to separate washed solids, which were dried at 45°C for 24 h before enzymatic hydrolysis. The supernatants of each washing were stored at 4°C protected from light until analysis of total phenolics.
Liquid Hot Water
LHW pretreatment was conducted as described previously (Kim et al., 2009; Ko et al., 2015a) with few modifications. Each batch was performed by mixing 3.5 g of dry SCB (untreated or ozonized SCB) with DI water for a final concentration of 10% solids (w/v). The resulting material was placed in a metal column (2.2 × 13.5 cm) for heating in a sand bath at 190°C for 15 min. It was heated for 5 min. The tube was quenched in water for 20 s and then placed in an ice bucket for 25 min to stop the reaction. The pretreated material was then vacuum filtered using Whatman® no 1 filter paper to separate the solids from liquor (suspension). Same five washing steps at room temperature described before were performed in the LHW-pretreated solids. The liquor from pretreatment and supernatants of each washing were stored at 4°C protected from light until analysis of total phenolics.
Enzymatic Hydrolysis
Hydrolysis experiments were conducted using 10% (w/v) of pretreated SCB as a substrate. SCB was suspended in 0.05M sodium citrate buffer at pH 5.0. The reaction was conducted in an incubator at 50°C and 150 rpm, using a 4:1 mixture of Cellic CTec2 and HTec2 (180 FPU mL−1 FPase activity; 13,213 UI mL−1 xylanase activity; 7,240 UI mL−1 β-glucosidase activity) diluted into two enzyme loadings. Loadings were calculated based on the chemical characterization of samples, that is, 9.1 and 17.5 mg protein g−1of glucan. At 96 h of hydrolysis, aliquots from supernatant were taken every 24 h in duplicate and analyzed for soluble carbohydrates, reported here as an average with an indicated standard deviation. The final volume of hydrolyzate from each replicate unit was recovered after the separation from solid residues by centrifugation (12,096 × g, 10 min), combined in a single unit, corresponding to individual pretreatments, and kept frozen until the fermentative step.
Alcoholic Fermentation
The fermentability of selected hydrolyzate obtained after the hydrolysis of double-pretreated SCB was tested using two Saccharomyces cerevisiae strains. The first (JP1) is an industrial strain selected by its roughness and adaptability to perform alcoholic fermentation under adverse conditions in the first-generation production of ethanol, which is also already in use in Brazilian mills. The second yeast, Y150, is a strain obtained by the adaptative laboratory evolution method following similar protocol described by Vasconcellos et al. (2019). Yeast reactivation was made by pre-cultivation of freeze-stored cells in the YEPD medium (10 g L−1 yeast extract; 10 g L−1 peptone; 20 g.L−1 glucose) in an incubator at 28°C, 200 rpm, and 24 h prior use.
Three hydrolyzates were obtained from each pretreated material (ozonolysis; LHW; and combined ozonolysis + LHW, respectively) as substrates for alcoholic fermentations. Substrates were sterilized by vacuum filtering through a 0.22-µm membrane, and 0.5 g fresh cells was added per liter as inoculum. The inoculum standardization was carried out through measuring the cell density of precultured suspension in a colorimeter, followed by two steps of centrifugation (12,096 × g, 10 min), washing and resuspension in sterilized DI water. The washed cells were inoculated in 40 ml of each hydrolyzate substrate. The fermentation experiments were carried out in an incubator at 32°C and 150 rpm in duplicate at a semi-anaerobic condition. The concentration of cells, ethanol production, and glucose consumption were systematically monitored by sampling at 6, 12, 20, 24, 30, and 40 h of fermentation, respectively. Glucose to ethanol conversion yields (%) were calculated at the endpoint of each fermentation experiment by assuming: [(g.L−1 of ethanol produced)/(g.L−1 of initial glucose * 0.511)] * 100.
Analytical Methods
The chemical composition of SCB was determined according to LAP-010—determination of extractives in biomass (Sluiter et al., 2012) and the LAP for the determination of structural carbohydrates and lignin in biomass (Sluiter et al., 2012). Glucose and ethanol concentrations were measured by HPLC analysis as described previously (Cao et al., 2013) using an Aminex HPX-87H ion exchange column (300 × 7.8 mm, Bio-Rad Laboratories Inc., Hercules, CA). The column was connected with a Milton Roy mini pump (Milton Roy Co., Ivyland, PA), a WatersTM 717 plus autosampler, and a WatersTM 2,414 refractive index detector (Waters Corp., Milford, MA). The procedure for total phenolic analyses was adapted from the study by Singleton et al. (1999) to a micro-scale analysis using Folin–Ciocalteau reagent.
The results were expressed in milligrams per liter (mg L−1) of gallic acid equivalent (GAE). The protein content of commercial enzymes used in hydrolysis assays was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL). Filter paper activity was measured according to Mandels et al. (1976). Cell concentration was estimated by optical density in a spectrophotometer at 630 nm, using 1:10 dilution with sterile DI water, in comparison to the dry weight curve of cellular growth, previously determined to JP1 strain.
Infrared spectroscopy data (FTIR-ATR) were collected using a Perkin Elmer FTIR Spectrum Two. Both FTIR-ATR and powder X-ray diffraction (XRD) patterns of SCB were obtained on a Model 300 miniFlex Rigaku® diffractometer according to Perrone et al. (2016). The crystallinity index was calculated by the method proposed by Segal et al. (1959).
Scanning electron microscopy (SEM) was carried out using a FEI Quanta 200 scanning electron microscope (FEI Company, Eindhoven, Netherlands) with an accelerating voltage of 12.5 kV. Sample preparation comprised 1) mixing bagasse in 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) for 48 h at room temperature; and 2) washing the sample in distilled water and after fixing it in 1% (v/v) osmium tetroxide diluted in distilled water for 30 min at room temperature. Bagasse was dehydrated by a series of ethanol washes and then critical point-dried with CO2, and sputter-coated with gold (Bal-Tec SCD 050) (Perrone et al., 2016).
RESULTS AND DISCUSSION
Chemical Characterization of Pretreated Sugarcane Bagasse
Three different samples of pretreated SCB were obtained from individual ozonolysis and LHW pretreatments or a combination. Chemical characterization shows that ozonolysis and LHW have distinct effects on SCB, as summarized in Table 1. Ozone acted mostly on delignification, causing about 37% reduction of acid insoluble lignin (AIL) and partially decreasing the hemicellulose portion (components determined as xylose, arabinose, and acetyl groups) as a secondary effect (20% solubilization). Delignification by ozonolysis was relevant to overcome the recalcitrant character of lignin through its separation and the breakdown of lignin (Santos et al., 2019; Ázar et al., 2019). It also generated a rich fraction of phenolics and other compounds with potential use in green chemistry bioconversions, while also removing their enzyme and the microbial potential inhibitory effect in subsequent steps of enzyme hydrolysis and microbial fermentation (Kim et al., 2011, 2016; Ximenes et al., 2011; Michelin et al., 2016). Although the individual LHW pretreatment reduced the hemicellulose content (22% of solubilization), it had little effect on lignin (about 5% reduction of AIL).
TABLE 1 | Compositional analysis of sugarcane bagasse generated by different pretreatment approaches and the untreated sample. Solid composition is presented as dry weight on a free extractive basis (%).
[image: Table 1]The double-pretreated SCB (ozonolysis and LHW combined) generated the highest cellulose (80.5%) and the lowest hemicellulose (4.1%) contents among all samples, indicating an intensive solubilization (up to 80%) of hemicellulose into liquor and reaching a maximal delignification rate (45% reduction of AIL). In that sense, even taking into consideration all the pretreatments increased the glucan availability, its availability in the ozone + LHW-pretreated biomass was 75, 50, and 32% higher than that of the initial content (comparing only untreated LHW and ozone-pretreated SCB), respectively. The action on the lignin barrier observed in double-pretreated SCB helps to reduce enzyme adsorption on lignin and increase the accessibility of cellulose to enzyme (Zanchetta et al., 2018), which can also lead to a reduction of enzyme loading and cost.
We observed an increase of the crystallinity index (CrI) according to the intensity of pretreatments in the following order: untreated < ozonolysis < LHW < Oz + LHW (Figure 1). We observed the highest CrI (73.1%) in the most intensive pretreatment (combined ozonolysis + LHW), possibly associated with lignin and hemicellulose degradation. In agreement with that reported in the literature (Gabhane et al., 2015; Pereira et al., 2016; Perrone et al., 2016), it seems that the increase in CrI observed here is more a function of removal of non-crystalline components from the biomass.
[image: Figure 1]FIGURE 1 | XRD patterns and the corresponding results of crystallinity index (Icr) for in nature sugarcane bagasse, ozonolysis, LHW, and ozonolysis + LHW pretreatments.
FTIR Analysis
Infrared spectrometry (FTIR-ATR) was used to analyze changes in functional groups that compose the fibers of SCB after pretreatment, indicating possible targets of reaction in the material (Figure 2). A pronounced reduction in the intensity of infrared absorption bands found at 1,732 cm−1 and 1,237 cm−1 in the pretreated sample confirmed the strong removal of hemicellulose (Liu et al., 2007), which is also detected by compositional characterization analysis (Table 1). The increase of the cellulose content is also shown by FTIR-ATR, especially by the increase of infrared absorption bands at 1,427 cm−1 and 1,370 cm−1 (assigned to the crystalline cellulose structure), and amorphous cellulose at 898 cm−1 (Pereira et al., 2016).
[image: Figure 2]FIGURE 2 | FTIR-ATR spectra in natural and ozonolysis + LHW sugarcane bagasse samples.
A decrease in the lignin content in the double-pretreated sample was observed based on the presence of bands related to functional groups or specific lignin linkages, such as aromatic rings at 1,600 cm−1 and 1,510 cm−1 (Pereira et al., 2016), and carbonyl groups conjugated with aromatic rings at 1,633 cm−1 (Zhou et al., 2016). Also, the band at 833 cm−1 is associated to [C-H] vibrations out of a plane in p-hydroxyphenyl units (Hoareau et al., 2004). The presence of these bands indicates a clear decrease of the intensities in the spectra corresponding to the combined pretreatments, which is again in agreement with the large extent of lignin removal (compositional characterization, Table 1).
Ultrastructural Changes in Pretreated Sugarcane Bagasse
Scanning electron microscopy (SEM) was performed to analyze possible tissue damage and ultrastructural changes on the bagasse surface after each pretreatment (ozone, LHW, and ozone + LHW) in comparison to the untreated sample (Figures 3A,B). The initial smooth and intact structure of fibers was strongly affected by both ozone and hot water pretreatments (Figures 3C–F). Cell walls were ruptured by the ozone gas, generating opened cells with increased porosity and surface area (Figures 3C,D). Similar effects were observed with hot water. A cracked surface characterized by holes formed in the cell wall is noted; the holes may be caused by the high pressure experienced during LHW processing (Figures 3E,F).
[image: Figure 3]FIGURE 3 | Scanning electron microscopy of untreated bagasse (A,B), ozone-treated bagasse (C,D), LHW-treated bagasse (E,F), and combined pretreatment ozone + LHW (G,H).
A disorganized structure with greater exposure of fibers was also present in SCB pretreated with SO2 and CO2 steam (Corrales et al., 2012). The presence of globular structures on the surface of samples exposed to high temperature is probably related to the formation and accumulation of globular lignin at 190°C. It is known that lignin softens and agglomerates at a relatively low temperature (<200°C) (Hamdan et al., 2000; Zhang et al., 2015). All these observations also apply to the double-pretreated sample, which showed a random breaking along the fibers, and a total collapse of the cellular structure due to the combined process (Figures 3G,H). These morphological changes of SCB obtained after combined pretreatment enhance the accessibility of cellulose-degrading enzymes and facilitate the hydrolysis of cellulose.
Effect of Pretreatments on Phenolic Compound Releasing
When LHW pretreatment alone was performed, 1,462 mg L−1 of phenolics were solubilized through liquor, and 857 mg L−1 remained on solids, reaching a total of 2,320 mg L−1 of released phenolics. The lowest concentration was observed when ozonolysis was performed as a single pretreatment. Here, 936 mg L−1 of total phenolic compounds were released. Although delignification is stronger in ozonolysis than in LHW pretreatment, as previously demonstrated by biomass compositional and FTIR-ART analysis, the lower release of phenols may be explained by the conversion of acid-insoluble lignin (AIL) preferentially into acids with low molecular weight, such as formic, acetic, oxalic, and carboxylic acids (Travaini et al., 2016). This hypothesis is further supported by the intense acidification of the ozonized solids, which regularly had a pH near to 2.0 after ozonolysis. The highest concentration of total phenolics released was almost 3,000 mg.L−1 when combining ozonolysis and LHW pretreatments, with 2,300 mg.L−1 solubilized in the liquor and 681 mg.L−1 remaining in solids. Thus, the use of this combined pretreatment approach resulted in a maximal release of phenolic compounds.
Effect of Phenolic Compound Removal on 96-h Enzymatic Hydrolysis
The low molecular weight phenolic compounds derived from lignin depolymerization had a negative impact on enzyme performance, possibly due to both non-productive adsorption and inhibitory effects during saccharification and microbial fermentation (Ximenes et al., 2010; Nakagame et al., 2011; Ximenes et al., 2011; Jönsson and Martín, 2016). Therefore, phenolic compounds must be removed from pretreated solids prior to enzymatic hydrolysis to enhance the yields of both the saccharification and the fermentation steps (Kim et al., 2013; Xiros and Olsson, 2014).
Sequential washing of the material at room temperature (see Material and Methods section 2.2.1, section 2.2.2) significantly reduced phenolics embedded in the pretreated fibers (Figure 3). A maximum of 33 g.L−1 of glucose was reached in 24 h during hydrolysis of washed ozone-pretreated SCB (Figure 4A), which represented a conversion of about 75% of cellulose into glucose vs. 44% for the enzymatic hydrolysis of the non-washed pretreated sample. Similarly, high cellulose conversion was observed for washed LHW-pretreated SCB samples (Figure 4B), although lower yields were obtained than washed ozone-pretreated samples (compare Figures 4A,B). This suggests better accessibility of substrate to enzyme hydrolysis in the ozone-pretreated sample and the presence of more enzyme inhibitors, including remaining phenolic compounds in the LHW-pretreated samples, or both.
[image: Figure 4]FIGURE 4 | Concentration of phenolic compounds (bars) and cellulose conversion yield (lines) in enzymatic hydrolysis (17.5 mg protein × g−1 glucan; 10% total solids loading, 96 h) related to sequential room temperature washes. (A) ozone-pretreated sugarcane bagasse; (B) LHW-pretreated sugarcane bagasse.
Kinetics of Enzymatic Hydrolysis of Pretreated Sugarcane Bagasse
A kinetic study was performed using reduced enzyme loading (9 mg of total protein per gram of glucan) for hydrolysis of untreated and pretreated SCB under different conditions for 96 h. The double pretreated SCB was also tested under non- and washed conditions.
The kinetics of hydrolysis of different SCB samples showed that the yield increase was consistent with the increase of the cellulose content after pretreatment and washes, relative to the decline of hemicellulose removal (in LWH-pretreated bagasse), or lignin reduction (in ozone-pretreated bagasse), or associated to both effects (in combined pretreatments). For the combined pretreatments, 43.0 g L−1 of glucose was generated after enzymatic hydrolysis of double-pretreated SCB, corresponding to 59% of conversion from initial glucan vs. 20, 47, 37, and 10% for untreated, ozone, LHW, and double pretreated samples, respectively. The hydrolyzate from double pretreated samples was tested by fermentation experiments that are reported and discussed in the next section. A strong inhibitory effect of pretreatment by-products was observed over cellulolytic and hemicellulolytic enzymes when the hydrolysis was performed in the presence of liquor derived from combined pretreatment, reducing cellulose conversion to about 10%, probably due to potential enzyme inhibitors mentioned before (Ximenes et al., 2010, 2011; Kim et al., 2011; Gabhane et al., 2015).
Alcoholic Fermentation of Hydrolyzate
JP1 and Y150 yeast strains were able to ferment the selected hydrolyzate without nutrient supplementation, with all glucose available exhausted after 42 h (Figure 5), while xylose concentration remained constant. This latter result was expected since these yeast strains cannot ferment xylose to ethanol. The final yield of glucose to ethanol was similar for both strains, 87% for JP1 vs. 92% for Y150 (Figure 5). However, Y150 strain was faster on the fermentation (conversion yield of 67% for Y150 after 24 h vs. 43% for JP1), indicating some possible adaptation advantage to the microbial inhibitory compounds still present in the hydrolyzate, including phenolics (Larsson et al., 2000; Palmqvist and Hahn-Hägerdal, 2000a, 2000b). Since the cellular density in all replicates of fermentations was similar, Y150 cells were found to be more efficient on ethanol production.
[image: Figure 5]FIGURE 5 |  Kinetics of yeasts JP1 and Y150 in alcoholic fermentation of sugarcane bagasse hydrolysate pretreated by individual and combined Ozonolysis and LHW approaches.
CONCLUSIONS
The effects of ozonolysis and LHW sugarcane bagasse pretreatment were observed in individual and combined pretreatment processes that resulted in a new approach for achieving a high amount of cellulose for hydrolysis purposes while generating an acid liquor fraction rich in sugars and phenolic compounds. The double pretreatment removed enzyme and microbial inhibitors, and generated water-soluble products that can be explored in green chemistry bioconversions processes. The combined ozonolysis and LHW pretreatment also generated, after enzyme hydrolysis, a hydrolyzate rapidly fermented by S. cerevisiae without the need for detoxification steps or nutrient supplementation. The maximal conversion yield by strain Y150 in fermenting glucose to ethanol was 92% in 42 h. This approach and results obtained are in agreement with a proposed model of the lignocellulosic biorefinery (Silva et al., 2018), in which sugars from cellulose and hemicellulose are used to generate biofuels and bioproducts, while lignin components are utilized in the synthesis of other bioproducts and act as an alternative heat and energy source.
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