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Grass represents a major renewable feedstock in temperate climate zones, but its efficient utilization is challenging in biorefineries and advanced biofuels due to its structural recalcitrance. Here hydrothermal hydrolysis (100–180°C, for up to 40 min duration) was investigated to improve sugar yields from grass silage. The optimal conditions (140°C for 20 min duration) showed the highest sugar yield of 0.29 g/g volatile solid (VS) of grass silage. Further increasing the temperature to 180°C favored degradation of sugars (such as glucose, xylose) to by-products (such as furfural, hydroxymethylfurfural). A first-order reaction model confirmed a two-step reaction with the first step hydrolysis and the second step degradation. An energy balance calculation indicated that pre-treatment at 140°C required an energy input of 16.5 kJ/g VS, which could be significantly reduced to 5.1 kJ/g VS through efficient heat recovery. This research assists in understanding of the hydrolysis mechanism and provides a practical solution to produce grass-based sugars for further advanced biofuel and biorefinery applications.
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INTRODUCTION
Globally, grass has an irreplaceable role in the agricultural sector; it is primarily utilized for livestock feed. In temperate areas of Europe, grasslands can occupy more than half of the agricultural land (Qi et al., 2017). In Ireland, grassland accounts for approximately 92% of the agricultural land area, with optimal annual grass yields of up to 16 tonnes dry matter per hectare (McEniry et al., 2013). The average annual grassland resource in Ireland has been estimated as approximately 1.7 million tonnes of dry weight available in excess of livestock needs (McEniry et al., 2013). The use of excess grass as a renewable source for bioenergy production (such as biogas, biohydrogen and bioethanol) can contribute to decarbonizing the energy and transport sectors (Batstone and Virdis, 2014; Guragain et al., 2016; Bhatia et al., 2017; Dien et al., 2018). A study by the Sustainable Energy Authority of Ireland (2017) suggests that grass silage resource accounts for 86% of the total renewable gas potential. With respect to the European Union 2020 targets, c. 1% of grassland in Ireland could satisfy the EU renewable energy supply in transport target of 10% allowing for a double credit for advanced biofuels (Wall et al., 2013). Grass-based feedstocks present a significant potential for advanced bioenergy and biorefineries. For example, anaerobic digestion of grass produces biogas (containing c. 60% methane and 40% carbon dioxide), the upgrading of which provides a solution to producing green gas biomethane as an advanced biofuel. Compressed biomethane is technically suitable as transportation fuels for automobiles. However, commercialized biomethane as adopted is primarily sourced from animal slurries and wastes and in some cases Maize (IEA Bioenergy Task 37, 2019). The direct use of grass-based feedstocks in biological processes is not as widely employed and may encounter issues arising from the rigid and complex cellulosic structure of grass, reducing the efficiency of conversion. The question remains as to how to overcome the recalcitrance of grass and improve its subsequent conversion efficiency?
The organic composition of grass primarily constitutes three major types of polymers, including cellulose, hemicellulose and lignin. Cellulose is an unbranched chain of anhydroglucose (C6H10O5) linked by β-glycosidic linkages. Hemicellulose has the capacity to bind strongly to cellulose, while lignin is typically a three-dimensional polymer with branched molecules consisted of phenol units with strong intramolecular bonding (Wang et al., 2017; Ponnusamy et al., 2019). The lignocellulosic structure is bonded together forming a complex structure, making it resistant to hydrolysis. The recalcitrant structure may act as a hurdle to biofuel production. To enhance hydrolysis of lignocellulosic biomass, a range of pre-treatment methods have been established, including physical, biological, chemical, and physicochemical pre-treatments (Ruiz et al., 2013; Behera et al., 2014; Rodriguez et al., 2017). Progress has been made in optimizing biomass pre-treatment methods to achieve higher sugar yields and lower by-product generation.
Physical pre-treatment (such as microwave radiation and ball milling) can reduce biomass particle size and cellulose crystallinity, but they are typically energy-intensive and expensive (Rodriguez et al., 2017; Tsapekos et al., 2017). Biological pre-treatment with cellulose- and lignin-degrading microbes is comparatively energy-saving, nonetheless it requires a high retention time for microbial growth; additionally, some parts of cellulose and hemicellulose are consumed for microbial growth during pre-treatment (Bhatia et al., 2018). Chemical pre-treatments (such as alkaline, acid and hydrothermal) are simple and efficient methods with a high potential for commercialization (Li et al., 2016; Li et al., 2018). Dilute acid pre-treatment can remove a significant amount of hemicellulose and parts of amorphous cellulose. Orozco et al. (2007) investigated acid pre-treatment of grass in a microwave reactor and reported optimal conditions with 2.5% of phosphoric acid at 175°C. The kinetic analysis suggested that microwave acid heating could achieve a high kinetic rate constant at moderate temperatures (Orozco et al., 2007). Alkaline pre-treatments by using ammonia, lime or sodium hydroxide to remove lignin from grass have been reported (Rodriguez et al., 2017). For example, alkaline pre-treatment of grass silage exhibited the best performance at a temperature of 100°C and NaOH concentration of 5% (Xie et al., 2011). Depending on the severity (such as the concentration of acid/alkaline, temperature, and pressure) of the chemical pre-treatment applied, inhibitory by-products, such as furfural, hydroxymethylfurfural and phenolic compounds, have been observed (Jönsson et al., 2013). These inhibitory compounds have been reported as potential inhibitors in the biological processes (Lin et al., 2017; Lin et al., 2018). Therefore, the optimization of pre-treatments should focus on reducing energy demand, addition of chemicals and the generation of inhibitory by-products.
Hydrothermal pre-treatment has received increasing attention for a number of reasons (Ruiz et al., 2013; Zhu et al., 2016; Xiaojian et al., 2017; Brown et al., 2020): 1) less water vapor is generated under hydrothermal conditions, which makes the process more energy efficient; 2) mild pre-treatment conditions reduce the requirement for addition of chemicals; and 3) mild pre-treatment conditions reduce production of inhibitory by-products. In a previous work investigating hydrothermal pre-treatment of Prairie cord grass, the authors found that a 97% yield of glucose was achieved under 210°C for a duration of 10 min (Cybulska et al., 2009). By using CO2 as a catalyst in hydrothermal pre-treatment, a reduction in hemicelluloses of 42% was achieved (Eskicioglu et al., 2017). This reduction in structural integrity further increased the hydrolysis rate by 30% during anaerobic digestion of pretreated sorghum, straws and corn stover (Eskicioglu et al., 2017). Wang et al. demonstrated that hydrothermal temperatures above 190°C significantly destroyed crystalline cellulose and resulted in partial delignification (Wang et al., 2019). These investigations indicated that hydrothermal pre-treatment is a promising method for hydrolysis of grass-based feedstock.
Biomass derived sugars can be further valorized through different technologies in the context of biofuel production and biorefineries. For example, hydrogen, ethanol and volatile fatty acids can be produced through biological acidification (hydrogen fermentation) (Ding et al., 2020). Hydrogen and ethanol have the potential to be used as transportation fuels, whereas volatile fatty acids can be upgraded to platform chemicals in biorefineries. In comparison, it may be more straightforward to covert biomass derived sugars in anaerobic digestion to produce biogas. Biogas or upgraded biogas (biomethane) can be used in a range of sectors such as heat, electricity and transport, thereby significantly contributing to renewable energy targets (Thi et al., 2016).
Use of lignocellulosic biomass to produce biochemicals and biofuels is of great relevance with many commercial opportunities, however, challenges exist. For grass silage to be an effective renewable feedstock, any structural recalcitrance has to be overcome in an efficient way. Although hydrothermal pre-treatment is viewed as a promising technology as stated above, there have been few studies conducted on hydrothermal pre-treatment of grass silage to maximize the yields of reducing sugars. The existing literature is also limited in terms of understanding the competing reaction kinetics between sugar generation and its subsequent degradation. The objectives of this paper are to: 1) Investigate hydrothermal pre-treatment (temperature and time) of grass silage; 2) Develop a kinetic model to describe the competing reactions between sugar generation and decomposition of grass silage; and 3) Determine the energy requirement for hydrothermal hydrolysis with/without heat recovery.
MATERIALS AND METHODS
Materials
The grass silage used in the experiments was a late-cut perennial ryegrass (Lolium perenne). The late-cut grass typically contained a relatively high lignified fiber content and lower digestibility as compared to early cut grass silage (Wall et al., 2015). This represented relatively high recalcitrance and a challenging feedstock for biofuels and biorefineries. The received silage was dried at 105°C for 24 h to ensure removal of moisture content (Sluiter et al., 2008). The dried grass silage was then pulverized and sieved through a 100-mesh sieve to obtain a particle size of approximately 150 μm. The samples were kept at 4°C in a fridge before use in hydrothermal hydrolysis.
Table 1 presents the ultimate analysis of the dried grass silage. The content of carbon and nitrogen in the grass silage was 41.1 and 1.7% respectively based on total solid (TS); this yields a favorable carbon to nitrogen ratio (C/N) of 24.2 (Chandra et al., 2012). Wall et al. (2013) previously found a C/N of 26.0 for a first cut grass silage with an associated high biodegradability index of 0.90 achieved in batch anaerobic digestion trials. The energy content of late cut grass silage was obtained as 16.3 kJ/g TS or 17.4 kJ/g volatile solid (VS), which is comparable with the energy content of carbohydrate (for instance the energy content of glucose = 15.6 kJ/g). The content of cellulose, hemicellulose, and lignin in the untreated grass silage was previously measured as 31.3, 15.1, and 27.9%, respectively (Deng et al., 2019).
TABLE 1 | Compositional characterization of dry grass silage.
[image: Table 1]Hydrothermal Acid Hydrolysis
The hydrothermal hydrolysis of grass silage was performed in a batch reactor (500 ml). The hydrolysis trials were conducted for 20 min at 100, 140, and 180°C. Our previous studies have demonstrated that the optimal pre-treatment conditions for a wide range of feedstocks (such as seaweed, cassava residue and food waste) were in processing temperatures of 135–140°C and times of 15–20 min (Ding et al., 2017; Deng et al., 2019; Lin et al., 2019). When performing steam acid pre-treatment, the optimal condition was achieved at 135°C for 15 min with a total reducing sugar yield of 0.33 g/g VS of grass silage (Deng et al., 2019). Similarly, the suggested optimal hydrothermal pre-treatment condition for food waste was 140°C for 20 min (Ding et al., 2017). Therefore, the present study investigated the temperature range from 100 to 180°C.
In each run, 7.5 g VS of silage was fed into the batch reactor; 250 ml dilute sulfuric acid (1.0% v/v) was subsequently added. The pre-treatment time was measured precisely for 20 min, starting from when the solution in the reactor reached the target temperatures. The external heaters surrounding the reactor walls are able to provide rapid and uniform heating and temperature control. The heater used on each reactor produces heating rates up to 15°C/min. The reactor after the hydrolysis trails was subjected to air cooling to room temperature of approximately 25°C.
Analytical Methods
The analysis of C, H, and N of samples was performed using an elemental analyzer. The oxygen content was determined as the remaining content (not accounted for by C, H, and N) of VS in grass silage. The yield of total reducing sugars from grass silage after hydrothermal hydrolysis was measured by the 3,5-dinitrosalicylic (DNS) acid method with glucose as a standard (Miller, 1959). Typically, 1 ml of the sample and 2 ml of DNS solution were added in a test tube. The mixed solution was then placed in boiling water for 5 min allowing for a complete reaction. The tube was then flushed with water to cool down to room temperature. The absorbance of the derived solution was subsequently measured with a spectrophotometer at 540 nm. Glucose was used to develop a standard curve for further determination of the total reducing sugars concentration.
Typical monosaccharic sugars derived from grass hydrolysis include glucose, xylose, arabinose and galactose. The concentration of each was measured on a high-performance liquid chromatography (HPLC) system (Agilent 1200, United States), which is equipped with a refractive index detector and an Aminex HPX-87P column (Bio-Rad, United States) at 80°C with H2O as mobile phase at 0.6 ml/min. In addition to the presence of sugars, several degradation products, such as furfural and hydroxymethylfurfural, were also found in the hydrolysates. The concentration of furfural and hydroxymethylfurfural was measured on an HPLC system using an ultraviolet detector and an Aminex HPX-87H column (Bio-Rad, United States) at 65°C with 0.005 N H2SO4 as mobile phase at 0.5 ml/min. The above analyses were conducted in duplicate, and the average values were reported.
Reaction Modeling of Hydrothermal Acid Hydrolysis of Grass
The organic components of grass silage may decompose into a variety of products, including for reducing sugars, by-products and degradation products during hydrolysis. The complexity of hydrolysis arises from the reactions between two phases, namely the solid substrate and liquid solution. The reaction rate of hydrolysis depends on several variables, such as substrate concentration, substrate composition, temperature and time. To simplify the process, the following considerations and assumptions have been considered: 1) The composition of grass silage is considered a lignocellulosic matrix, assuming no interactions occur between the fractions of cellulose, hemicellulose and lignin. This matrix can be hydrolyzed into reducing sugars, which are further decomposed into degradation products; 2) The overall reactions of hydrolysis and degradation are irreversible and consecutive; and 3) The formation of other intermediates and by-products (such as oligomers, amino acids) are not considered. The simplified process of grass hydrolysis is outlined in Eq. 1, in which k1 and k2 are the constants of formation and decomposition rate of reducing sugars respectively.
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Assuming that each reaction is an irreversible first-order reaction, the model presented above can be described through the following differential equations:
[image: image]
where rG is grass degradation rate (g/L/min), [G] is the grass concentration (g/L), k1 is the rate constant for reducing sugars production (min−1), and t is the reaction time (min).
[image: image]
where rR is the reducing sugar production rate (g/L/min), [R] is the reducing sugar concentration (g/L), k2 is the rate constant for degradation products production (min−1). After integration with Eq. 2, the dependence of grass concentration on time is obtained as:
[image: image]
where [G]0 is the initial grass concentration (g/L). By combining Eq. 4 with Eq. 3, the following first-order linear differential equation can be derived:
[image: image]
Taking into account the following boundary condition: when t = 0, [R] = 0, the dependence of reducing sugar concentration on time is obtaining by solving Eq. 5:
[image: image]
Equation 6 describes the reducing sugar yield based on the initial amount of grass substrates. The rate constants of k1 and k2 can be obtained by fitting them to experimental data. The parameters were evaluated using the method of non-linear least squares regression analyses in Origin 8.5.
The temperature dependence of the rate constants can be described by the Arrhenius equation:
[image: image]
where k is the rate constant (min−1), Ea is the apparent activation energy (kJ/mol), A is the pre-exponential factor (min−1), R is the universal gas constant (8.314 J/mol/K), and T is the reaction temperature (K). By plotting the logarithm of the rate constant against the reciprocal temperature, the results can be illustrated in the form of a straight line. By means of the Arrhenius plot (Eq. 8), the activation energy as well as the pre-exponential factor can be determined:
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Energy Consumption of Hydrothermal Acid Hydrolysis of Grass
To assess the energy required for hydrothermal acid hydrolysis, the overall process heat for water, sulfuric acid and grass silage was calculated. Considering that the specific heat of sulfuric acid and grass silage do not vary significantly with temperature, the overall heat requirement for hydrothermal hydrolysis of grass silage can be provided by the following Eq. 9.
[image: image]
where, m and Cp represents the mass and specific heat of water (w), grass silage (g) and sulfuric acid (a) respectively. Texp is the experimental temperatures (namely 100, 140, and 180°C) and T0 is the ambient temperature assumed as 25°C. The mass of sulfuric acid and water were evaluated based on their respective density and volume at the beginning of the experiment. The specific heat of grass silage based on its dry weight is 1.89 kJ/kg K (Borreani et al., 2018), while that of sulfuric acid is 1.34 kJ/kg K (Mafe et al., 2015). The variation of the specific heat of water with temperature is given by the following Eq. 10 (valid between 0.01 and 200°C) (Mafe et al., 2015).
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RESULTS AND DISCUSSION
Effects of Hydrothermal Pre-Treatment on the Total Yield of Reducing Sugars
Hydrothermal pre-treatment has become a promising technique that has been widely applied for biomass pre-treatment to achieve selective fractionation of major components (cellulose, hemicellulose, and lignin) with high sugar recovery in subsequent enzymatic hydrolysis. The effectiveness of hydrothermal pre-treatment is dependent on several process factors such as pre-treatment temperature, time, and type/amount of solvent used. The combined effect of hydrothermal reaction temperature and time can be quantified by the severity factor as defined in a previous study (Overend et al., 1987). Typically, the decomposition rate of biomass feedstock increases with increase in treatment severity. Some representative solvent systems have been investigated including water (Ding et al., 2017; Lin et al., 2019), water/acid (Cheng et al., 2019), water/CO2 (Eskicioglu et al., 2017), water/organic acids (Lai et al., 2017), and deep eutectic salts (Yu Q. et al., 2018). When water is used as the solvent, hydrothermal pre-treatment generally requires a higher process severity (4.0 or higher) to achieve effective removal of hemicellulose and structural modification of lignin. In comparison, the addition of acid with low pH values can significantly enhance hemicellulose removal with a lower process severity (<2.0). Novel solvents such as ionic liquids and deep eutectic salts have the advantages of 1) high dissolution for specific biomass compositions, and 2) conducting treatment under mild conditions (<100°C).
The hydrolysis of cellulose and hemicellulose in grass silage to monomeric sugars involves multiple reaction steps, which are simplified in Figure 1. Hydrolysis, the cleavage of chemical bonds in the presence of water, is a reaction, which breaks down cellulose to glucose and hemicellulose to xylose. This is typically the first step in a bioprocess for biofuel/biochemical production. Hydrothermal conditions under high temperature and pressure favor the hydrolysis reaction. Acid (such as sulfuric acid, metal salts, heterogeneous acid) can act as the catalyst that accelerates the hydrolysis reaction (Yuan and Macquarrie, 2015). Deng et al. (2019) showed that after steam acid pre-treatment with 2% H2SO4 at 135°C for 15 min, hemicellulose was completely decomposed, while almost half of cellulose in raw grass silage was removed during the pre-treatment. Hydrothermal pre-treatment under 240°C is efficient in dissolving hemicellulose without removing the majority of the cellulose composition (Li et al., 2017). The modification of lignocellulosic structure increases the accessibility of fermentable cellulose and the subsequent biofuel/chemical production from the substrates. Kang et al. (2020) revealed that as the pre-treatment severity increased to approximately 4.0, the degradation of xylan was 58.0%; this further increased to almost 100% when the temperature increased to 200°C with the severity factor over 4.2. A drawback of an acidic environment is that various by-products (such as hydroxymethylfurfural and furfural) can also be generated, especially with high acid concentrations and process temperatures (Toftgaard Pedersen et al., 2015).
[image: Figure 1]FIGURE 1 | Proposed pathways of hydrolysis of lignocellulosic biomass. Reused with permission from reference Girisuta et al. (2013) Copyright (2013) Chemical Engineering Journal, Elsevier Co.
Figure 2 presents the effect of hydrothermal temperature on the production of total reducing sugars from grass silage. The total sugars yield after hydrothermal hydrolysis was quantified using the DNS method (Miller, 1959), by which the amount of reducing sugars (including all monosaccharides, along with some disaccharides, oligosaccharides, and polysaccharides) can be measured. The initial concentration of grass silage for hydrolysis experimentation was 30.0 g VS/L (in a solution of 1% sulfuric acid). When the hydrothermal temperature was 100°C, the yield of total reducing sugars increased with pre-treatment time, leading to the highest yield of 2.2 g/L at 40 min. The reducing sugars yield of grass silage at 140°C rapidly increased to 5.4 g/L in the first 2 min, indicating that the hydrothermal acid pre-treatment was efficient for decomposing polysaccharides into monosaccharides. The yield of total reducing sugars peaked at 20 min with a value of 8.8 g/L; further increasing the pre-treatment time to 40 min resulted in a decrease in reducing sugar yield to 5.5 g/L. The observed decrease was due to the undesirable degradation of sugars to by-products (such as furfural and hydroxymethylfurfural). The reducing sugars yield at 180°C showed a similar trend to that achieved at 140°C. However, the hydrothermal temperature at 180°C significantly reduced the highest total sugar yield to 4.6 g/L at 20 min. This result suggests that the high temperature at 180°C favored the production of by-products instead of sugars. Kang et al. revealed that the liquid fraction of liquid hot water pretreated grass (hybrid Pennisetum) contained primarily oligosaccharides, monosaccharides (such as glucose, xylose and arabinose) and organic acids (acetic acid, formic acid and levulinic acid) (Kang et al., 2020); the authors claimed that the majority of those components were derived from the hemicellulose composition in grass. When increasing the pre-treatment temperature from 160 to 180°C, the arabinose yield significantly increased (3-fold) (Kang et al., 2020). However, the glucose yield decreased by 60.6%, suggesting the occurrence of a glucose degradation reaction (for example from glucose to hydroxymethylfurfural) (Kang et al., 2020). Furthermore, with elevated temperatures in pre-treatment, some monosugars can react with amino acids, forming nitrogen-containing Maillard compounds, such as 1-azido-4-dimethylaminobenzene (Lin et al., 2018), thereby resulting in a decreased sugar yield.
[image: Figure 2]FIGURE 2 | The yield of total reducing sugars from grass silage under different hydrothermal temperatures.
The major organic components of grass silage comprise cellulose and hemicellulose, both of which can be hydrolyzed to reducing sugars. Cellulose (C6H10O5)n consists of a linear chain of many hundreds of β-(1, 4)-glycosidic bonds linking glucose units (Wang et al., 2017). Hemicellulose (C5H8O4)n is a smaller branched carbohydrate which can be made of different monosaccharides, that contain pentoses (xylose and arabinose), and hexoses (mannose, glucose, and galactose) (Wang et al., 2017). While cellulose is crystalline and resistant to hydrolysis; hemicellulose has an amorphous structure with weak strength. Both cellulose and hemicellulose can be hydrolyzed in dilute acid into monosaccharides. The following reactions describe the production of glucose (C6H12O6) and xylose (C5H10O5) from cellulose and hemicellulose, respectively.  and 12 are the favored hydrolysis reactions that directly lead to the production of reducing sugars.
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Figure 3 shows the composition of monosaccharic sugars from grass silage under different hydrothermal temperatures (using the HPLC method). This suggests that xylose and arabinose are more likely produced at lower temperature hydrolysis, while glucose is predominately produced at higher temperatures due to cellulose hydrolysis. When grass silage was pretreated at 100°C for 20 min, the yield of monosaccharic sugars was 0.92 g/L, in which arabinose and xylose accounted for 95.6% of total sugar yield. When the hydrothermal temperature increased to 140°C, the yield of monosaccharic sugars increased to 3.2 g/L. Specifically, the xylose yield increased from 0.53 to 2.36 g/L, which was due to the dramatic hydrolysis of hemicellulose (Figure 1). When the hydrothermal temperature increased to 180°C, the xylose yield greatly decreased to 0.13 g/L, while the glucose yield significantly increased to 3.19 g/L. The decrease in xylose yield indicates that a higher temperature favored the degradation of xylose to by-products (Figure 1). However, the increase in glucose yield suggested that a higher temperature resulted in deep hydrolysis of cellulose to glucose (Figure 1). It is noteworthy that the yield of total monosaccharic sugars measured by the HPLC method (Figure 3) was much lower than that measured by the DNS method (Figure 2). This is due to the fact that the DNS method took into account all monosaccharides, some disaccharides, oligosaccharides, and polysaccharides.
[image: Figure 3]FIGURE 3 | Composition of monosaccharic sugars from grass silage under different hydrothermal temperatures.
Effects of Hydrothermal Pre-Treatment on the Formation of Sugar-Derived Degradation Products
Depending on the pre-treatment severity of the process, cellulose and hemicellulose in biomass are hydrolyzed to monomer sugars, which can be further decomposed to a variety of inhibitory compounds, such as furfural, hydroxymethylfurfural, levulinic acid, and formic acid (Guragain et al., 2016). Phenolic compounds derived from lignin can also be generated during pre-treatment (Monlau et al., 2014). Figure 4 presents the composition of sugar-derived degradation products under different hydrothermal temperatures. Furan derivatives (namely furfural and hydroxymethylfurfural) were detected as the major sugar-derived by-products. At the hydrothermal temperatures of 100 and 140°C, the concentration of furfural slightly increased from 4.4 to 16.8 mg/L, while no significant amount of hydroxymethylfurfural was detected. It was obvious that high temperatures benefited the sugar dehydration process, leading to higher furfural and hydroxymethylfurfural yields. Redding et al. found that glucose was more stable than xylose under mild acid pre-treatment conditions (0.9% sulfuric acid, 120–140°C for 5–30 min); this explained that only less than 10 mg furans/g raw biomass was generated, in which furfural and hydroxymethylfurfural accounted for around 90 and 10%, respectively (Redding et al., 2011). Hydroxymethylfurfural comes from cellulose which is harder to degrade (and as such needs higher temperatures) than hemicellulose which degrades to furfural. The low concentrations of furans suggest that low temperatures do not favor the production of degradation by-products, indicating the hydrolysis reaction was dominant during hydrothermal hydrolysis. Notably, when the hydrothermal temperature was 180°C, a considerable amount of furan derivatives was produced; the concentration of furfural and hydroxymethylfurfural was 157.2 and 270.0 mg/L, respectively. A high hydrothermal temperature inevitably resulted in further degradation of sugars with furans as by-products. Batista et al. observed that low concentrations of furans were obtained from sugarcane straw at pre-treatment temperature of 170°C, but at 220°C more furans were detected in the liquid phase (Batista et al., 2019). When the pre-treatment temperature increased to 180°C, the furans yield significantly increased to 50 mg/g raw biomass (Redding et al., 2011), this was in agreement with the trend that higher temperatures resulted in higher sugar loss.
[image: Figure 4]FIGURE 4 | Composition of sugar-derived degradation products under different hydrothermal temperatures.
Hydroxymethylfurfural may be obtained from 6-carbon sugars (such as glucose) undergoing acid catalyzed poly-dehydration (Teong et al., 2014; Yu and Tsang, 2017; Yu I. K. M. et al., 2018). Furfural is largely derived from 5-carbon sugars, particularly xylose, through the acid-catalyzed dehydration. The reactions in relation to the formation of hydroxymethylfurfural (C6H6O3) and furfural (C5H4O2) are described in the following equations, which are considered the competing reactions during hydrothermal hydrolysis. The competition between the hydrolysis reactions ( and 12) and degradation reactions ( and 14) need to be balanced to achieve a high reducing sugar yield.
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Reaction Kinetics Modeling on the Competition Between Sugar Generation and Subsequent Degradation
The first-order reaction model was used to describe the competitive reaction kinetics for sugar production from grass silage. The modeling curves and experimental data under different hydrothermal temperatures (100, 140, and 180°C) are presented in Figure 5. The hydrothermal temperature acted as a significant factor that affected sugar production. The theoretical curve of sugar production at 100°C showed a satisfactory fit to the experimental data (R2 = 0.98), showing that the yield of reducing sugar increased with pre-treatment time from 0 to 40 min. This result indicates that low pre-treatment temperatures led to a relatively long time to achieve a higher sugar yield. Increasing the hydrothermal temperature significantly promoted the production of reducing sugars. The modeling curves at both 140°C (R2 = 0.68) and 180°C (R2 = 0.97) exhibited a one-peak trend over pre-treatment time confirming a two-step reaction: first step hydrolysis and second step further degradation. The peak time in relation to the highest sugar yield under 140 and 180°C conditions was shortened to approximately 15 min.
[image: Figure 5]FIGURE 5 | Experimental data and calculated curves for reducing sugar yields from grass silage by hydrothermal hydrolysis at various temperatures.
Table 2 shows the reaction rate constants of sugar production and decomposition by fitting the experimental data to Eq. 1. As the hydrothermal temperature increased from 100 to 140°C, the sugar production rate k1 increased from 0.0017 to 0.0512 min−1. When the pre-treatment temperature was 180°C, the sugar production rate k1 decreased to 0.0296 min−1, whereas the sugar decomposition rate increased to 0.1091 min−1. The kinetic calculation clearly shows that there is a competing relationship between the hydrolysis reaction and further degradation reaction. In the lower temperature range between 100 and 140°C, increasing temperature favors the hydrolysis reaction. In comparison, in the higher temperature range between 140 and 180°C, increasing temperature favors the further degradation reaction. A similar trend was noticed in previous studies using different types of feedstocks, such as rice straw, bamboo, and organic wastes (Zhu et al., 2011; Lin et al., 2015; Mohan et al., 2015). When investigating subcritical water hydrolysis of rice straw, the highest reaction rate (k1) of 0.063 was achieved at 280°C; further increasing the temperature led to generation of more degradation products (Lin et al., 2015). Girisuta et al. (2013) found that the decomposition reaction of glucose to undesired by-products (such as humins) has a high activation energy (161.41 kJ/mol), suggesting that temperature has a significant effect on this reaction. Therefore, undertaking the hydrolysis reaction at high temperatures would favor the formation of by-products from glucose.
TABLE 2 | Reaction rate constants for reducing sugar production and decomposition at different temperatures.
[image: Table 2]The pre-exponential factors and activation energies for the production and decomposition reactions were calculated and presented in Table 3. It can be seen that the apparent activation energy (5.89 kJ/mol) for the hydrolysis reaction was higher than the one (1.85 kJ/mol) for the decomposition reaction, indicating that the hydrolysis reaction is more difficult to take place than the decomposition reaction in the temperature range used in the experiments. This also suggests that temperature has a more significant effect on this reaction. The result is consistent with the observed biomass hydrolysis under acidic environment (such as formic acid and sulfuric acid) (Girisuta et al., 2013; Kupiainen et al., 2014).
TABLE 3 | Activation energies (Ea) and pre-exponential factors (A) for reducing sugar production and decomposition.
[image: Table 3]The kinetic results can assist in the understanding of grass silage hydrolysis in hydrothermal pre-treatment. The stability of grass silage and its derived sugars against further degradation is highly dependent on the reaction conditions. However, a disadvantage of the first-order models lies in the limited understanding of the reaction network and mechanisms. Therein, the requirement for sophisticated analytical equipment to shed light on the key intermediates of reaction, remains a main challenge for the application of kinetic modeling. Nonetheless, this study provides a practical solution for the production of sugars, which are a valuable platform precursor for biofuels and biorefineries.
Energy Consumption for Hydrothermal Hydrolysis of Grass Silage
Figure 6 presents the energy consumption for hydrothermal hydrolysis of grass silage at different temperatures. Pre-treatments at 100, 140, and 180°C result in energy consumption of 10.7, 16.5, and 22.3 kJ/g VS of grass silage, respectively. The energy requirement for hydrothermal hydrolysis includes heating of water, sulfuric acid, and grass silage. Of this, over 97.5% of energy consumption was accounted for heating of water under all three pre-treatment conditions. This result indicated that pre-treatment is a significant factor governing the amount of energy consumed in heating especially for wet substrates. Similarly, Mafe et al. (2015) reported that the main energy consumption in acid pre-treatment was associated with water heating. With increasing pre-treatment temperature, an almost linear increase in energy requirement was observed. As a result, the energy needed for hydrolysis at 180°C (22.3 kJ/g VS of grass silage) was higher than the energy content within grass silage (17.4 kJ/g VS). This negates the rationale for pre-treatment at high temperatures, unless efficient downstream heat recovery is conducted. It is inevitable that there will be some form of heat loss. However, the heat loss has been proven to be marginal as compared to the total heating energy; for example, Mafe et al. demonstrated that the heat loss during acid pre-treatment (130°C for 25 min) accounted for only 0.2% of the heating energy required for the whole process (Mafe et al., 2015).
[image: Figure 6]FIGURE 6 | Specific energy requirement for hydrothermal hydrolysis of grass silage with/without heat recovery.
Heat recovery after hydrolysis presents a valuable opportunity to enhance the overall process efficiency. Considering that heating of water accounts for the majority of the energy input in hydrolysis, the recovery of heat from water was considered as the primary source of energy recovery. The recovered energy could be utilized in further processing within a biofuel or biorefinery system or may be utilized in a district heating system. The potential heat recovery was evaluated with the assumption that the hydrolysates at pre-treatment temperatures (namely 100, 140, and 180°C) were cooled down to 50°C with a heat transfer efficiency of 90%. Therefore, the net specific energy required per gram of grass silage (VS basis) for hydrolysis following heat recovery can be observed in Figure 6. Unlike the ascending trend without heat recovery, the recovery of heat under different hydrothermal temperatures resulted in a much lower specific energy requirement, ranging from 4.4 to 5.8 kJ/g VS of grass silage. Indeed, following heat recovery, the net specific energy requirement was similar irrespective of the temperature of hydrolysis. Nonetheless, a significant improvement in the overall energy performance of the system can be achieved. The sugar yield per unit energy expended was the highest at the hydrothermal temperature of 140°C (0.23 g sugar/kJ). Increasing the temperature resulted in a lower value of 0.11 g sugar/kJ. Overall in terms of the parameters of maximum reducing sugar yield and specific sugar yield per energy demand, the pre-treatment at 140°C for 20 min is suggested for further applications in advanced biofuels and biorefineries.
CONCLUSIONS
To overcome the recalcitrance of grass silage, hydrothermal hydrolysis was assessed in order to optimize sugar production. The sugar degradation reaction competes with the hydrolysis reaction, and therefore limits total sugar yield. The first-order model suggested that at lower temperatures (100–140°C), increasing temperature favors the hydrolysis reaction, while at higher temperatures (140–180°C), increasing temperature favors further degradation reaction. Heat recovery could significantly reduce energy required from 16.5 kJ/g VS (140°C without heat recovery) to 5.1 kJ/g VS. This study furthers the understanding of optimizing grass hydrolysis for future grass biorefineries.
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