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Abstract

:

Sustainable and renewable sources of liquid and solid fuels are essential to prevent fossil fuel use from damaging the environment. Secondary agricultural residues, which are already transported to food processing centers, have great potential to be converted into biofuels. The wastes from coffee roasting, sugar production, and rice milling have been investigated using hydrothermal carbonization (HTC) to produce aqueous products containing monosaccharides alongside solid biofuels. These sugar-laden liquid products were characterized after pretreating coffee silverskins, sugarcane bagasse, and rice husks with HTC. They were then concentrated using direct contact membrane distillation (DCMD), a low-energy process that can use waste heat from other biorefinery processes. The higher heating value of the solid products was also characterized by bomb calorimetry. The liquid products from HTC of these wastes from food production were found to contain varying concentrations of glucose, xylose, galactose, and arabinose. DCMD was capable of concentrating the liquid products up to three times their original concentrations. Little difference was found among the higher heating values of the solid products after 180 °C HTC pretreatment compared to 200 °C pretreatment. HTC of waste from food processing can provide solid biofuels and liquid products containing sugars that can be concentrated using DCMD.
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1. Introduction


The agriculture systems of the world are a feat of human ingenuity and construction, with more growing every year; however, there is room for improvement in the realm of minimizing agricultural waste. The burning of fossil fuels has been a major driving factor for climate change, adding more carbon to the environment than natural processes can remove effectively. This has resulted in global temperatures 1.5 °C warmer than the 20th-century average of 13.9 °C and 1.06 °C warmer than pre-industrial temperatures [1]. Carbon-neutral fuels can mitigate some of these climate change effects. An alternative to traditional fossil fuels that emit carbon-positive emissions is using biomass discarded from food production to produce biofuels. Carbon dioxide emissions from biofuel use can be absorbed by the plants used in biofuel synthesis [2].



Biomass is the only renewable source of energy that can produce solid, liquid, and gaseous biofuels [3]. Biomass is primarily made up of lignin, cellulose, and hemicellulose. Lignin is a heterogeneous aromatic polymer comprised of three phenylpropanoid monomers (p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol) linked by C–C or C–O bonds. It can interact with polysaccharides, like cellulose and hemicellulose [4,5]. Cellulose is a straight-chain polymer of glucose monomers, while hemicellulose is a branched polymer consisting of monomers such as glucose, xylose, galactose, mannose, and arabinose [6]. Biomass has many useful components for non-biofuel applications that can be isolated through various methods. The research conducted in this study focused on using hydrothermal carbonization (HTC). HTC is the process by which high-moisture content biomass is submerged in water and heated at temperatures ranging from 180 °C to 350 °C for 5–240 min while under pressure sufficient to maintain water in a liquid state [3]. HTC utilizes pyrolysis, dehydration, decarboxylation, polymerization, and aromatization to lower the oxygen and hydrogen content of the biomass solid residue [6]. The process encourages various reactions to loosen the components that bind the lignocellulosic structure together, causing the release of the cellulose and hemicellulose that are intertwined within [7]. Further, HTC reactions hydrolyze the cellulose to produce glucose and hemicellulose to produce its constituent hexoses and pentoses [8,9,10]. The solid HTC pretreated product can be pressed into pellets for use as a solid fuel [11,12,13].



Direct Contact Membrane Distillation (DCMD) is a thermally driven transport process that uses hydrophobic membranes to reduce the water content by having a difference in vapor pressure between the hot sample side and the cold distilled water side circulations [14,15,16]. This method is used as opposed to traditional distillation methods because it requires lower energy and can be run without vacuum, pressure, and added chemicals [17]. In comparison, multi-effect evaporation requires steam, mechanical vapor recompression requires a compression system, and reverse osmosis uses high pressure.



Food processing generates large quantities of waste that are collected in central processing facilities, meaning that they need not undergo energy-intensive transportation from fields. These waste biomass are commonly landfilled, polluting the environment both physically and when transported to the landfill. The focus of this project was to isolate and concentrate sugars from secondary agricultural residues for use in biofuel synthesis. Three biomasses chosen were coffee silverskins, sugarcane bagasse, and rice husks. These can be grown vertically and hydroponically in the hopes that they could be used one day for space exploration [18,19,20,21,22].



In 2016, the agricultural industry for coffee cultivation yielded over nine million tons of green coffee [23]. After the separation of the outer skin, pulp, pectic layer, and parchment layer, green coffee beans with the attached silverskins are shipped to companies worldwide for roasting. Roasting detaches the silverskins, which constitute 4.2% of the weight of coffee beans [23]. Coffee silverskins are, thus, a widely available biomass that can be found in centralized facilities, meaning they do not require separate transportation and can be used on-site.



Large amounts of the leftovers from sugar production from sugarcane, called bagasse, are available throughout the world [24,25,26]. The cane is shredded to break the fibrous stalks apart, bursting the cells that contain the sweet juice. Following this, the cane is crushed through a series of rollers, separating the juice from the leftover fibrous bagasse material. It has been reported that 176 million metric tons of sugar was produced worldwide in 2022–2023, meaning that roughly over 2000 million metric tons of bagasse was generated [27].



Rice husks or hulls are a highly available and underutilized resource. According to the International Rice Research Institute, more than half of the world’s population relies on rice for most or their entire calorie needs [28]. Approximately one-fifth of the world’s population depends on rice cultivation for their livelihood [29]. Since the hull or husk constitutes 20% of rice, vast quantities of rice hulls are disposed of as waste or burned in open fields, polluting the environment [30]. During 2019, rough rice production globally was 755 million metric tons, meaning that approximately 151 million metric tons of husks were available [31].



The focus of this research was to isolate and concentrate sugars from coffee silverskins, sugarcane bagasse, and rice husks. The use of both HTC on secondary agricultural residues, with subsequent DCMD performed on the aqueous product, has not been previously investigated. Studying this unresearched area may encourage this system’s use in future biorefineries.




2. Materials and Methods


2.1. Materials


Nylon membrane discs of pore size 0.45 µm were bought from Foxx Life Sciences (Salem, NH, USA). Rice husk (RH) wastes were harvested in Louisiana, and obtained through Falcon rice mill (Crowley, LA, USA). Sugarcane bagasse (SB) wastes were harvested in Louisiana, and obtained through Lula Westfield (Paincourtville, LA, USA). Coffee silverskins (CS) waste was donated from Orleans Coffee (Kenner, LA, USA). Compositions of these biomasses are available in the literature [11,32].




2.2. Hydrothermal Carbonization (HTC)


To extract sugars from the biomass, we performed HTC on the samples, serving to partially deconstruct the biomass, allowing for simpler separation of the sugars (in this case, in an aqueous solution) from the surrounding high-energy value solids. Using HTC, the cellulose and hemicelluloses can be separated from the lignin present in the biomass and divided into their constituent monosaccharides.



The various types of waste biomass samples were hydrothermally carbonized in a Parr pressure reactor (4848 bench-top reactor, Parr Instrument Company, Moline, IL, USA). The HTC process was used to study the high-temperature and pressure products from the agricultural wastes and to drive the lignin and sugar monomer separation. Biomass was prepared for the HTC process by grinding and sieving to approximately a 1 mm particle diameter. In these experiments, the ground biomass to deionized (DI) water mass ratio in the HTC vessel was 1:5, 1:10, or 1:15, depending on the biomass properties. After replicated HTC treatments at 180 or 200 °C for 5 min were performed, the waste biomass and the liquid with it were brought to room temperature through quenching (replicates means two). As described by Hoekman et al., the severity factors for this process would be 3.05 for 180 °C and 3.64 for 200 °C [33]. The products were a sugar solution and a solid lignin-rich byproduct. Approximately 95% of the liquid added was recovered as a sugar solution. Vacuum filtration was performed using a Buchner funnel to separate the solids from the sugar solution. Solid biomass was separated from the solution using a nylon filter (0.45 µm pore size) membrane. After filtration, the sugar solution was collected and stored at freezing temperatures (−18 to −15 °C). The solid waste was collected, dried at 105 °C for 24 h, and stored for further analysis.




2.3. High-Performance Liquid Chromatography (HPLC) Analysis


The concentrations of the different monosaccharides glucose (Glu), xylose (Xyl), galactose (Gal), and arabinose (Ara) in the HTC liquid products were quantified using an HPLC instrument (Dionex UltiMate WPS-3000 UHPLC+ Series, ThermoFisher Scientific, Waltham, MA, USA) equipped with a refractive index detector. Also from ThermoFisher Scientific, a reversed-phase HyperREZ XP Carbohydrate Ca2+ (300 mm × 7.7 mm) column with a particle size of 8 µm specification was used for this analysis. The column temperature was maintained at 80 °C, the injection volume was 20 µL, and a flow rate of 0.6 mL/min of DI water was used as the mobile phase. Calibration of the column for glucose, xylose, galactose, and arabinose was performed by running solutions of each monosaccharide at 5 different concentrations between 50 ppm and 13,000 ppm and forming linear calibration curves of R2 values of 0.96 or higher. HPLC samples were prepared using Simsii syringe filters of hydrophobic PTFE (diameter 13 mm and pore size 0.45 μm) (Simsii, Inc., 1268 Westridge Way NE, Issaquah, WA 98029, USA).




2.4. Direct Contact Membrane Distillation (DCMD)


Direct Contact Membrane Distillation (DCMD) operates on the principle of flux due to vapor pressure differences across a controlled surface area membrane, driven by the temperature difference of fluids. A bench-scale test cell DCMD (S/N: 24595, Sterlitech Corporation, Auburn, WA, USA) was used for this research study to measure crossflow membrane flux. The membrane used consisted of a laminated flat sheet polytetrafluoroethylene (PTFE) with spacers (Sepa CF Medium Foulant Spacer, PP 145 × 97 mm), having a surface coverage area of 0.014 m2. A peristaltic pump system (Masterflex L/S Easy-Load II 77200-50, Cole-Parmer Instrument Company, Vernon Hills, IL, USA) was used to achieve fluid flow across the membrane. The temperature difference between the streams was achieved using a hot water bath (VWR Scientific, model 1130A, Radnor, PA, USA) and a cold water bath with a digital temperature controller (model 9510, PolyScience, Niles, IL, USA). The water vapor from the HTC sugar solution feed passed through the hydrophobic PTFE membrane and then condensed on the distillate side, running for 2 h. Distilled water initially filling the cold side was kept constant at 10 °C using a recirculating chiller. The feed solution on the hot side was the HTC sugar solution product. The feed streams were tested at 60 °C, using a flow-through heater in a water bath. The feed and distillate streams were continuously circulated through their respective sides of the membrane at 0.2 L/min using two peristaltic pumps. The weight of the distillate water was recorded every 10 min to calculate the flux of the water vapor passing through the membrane and condensing for steady-state assessment, with the average steady-state flux through the membrane being approximately 20 mL/(min-m2). After completion of DCMD, the total sugar solution concentration was calculated from the mass of water removed.




2.5. Bomb Calorimetry


Higher heating values (HHV) of combustion for solid product samples after HTC pretreatments were measured in an adiabatic bomb calorimeter (1341EB bomb calorimeter; Parr Instrument Company) fitted with continuous temperature recording. The method for HHV measurement was as follows: Samples were dried for 24 h before being placed in the weighed crucible for weighing. Fuse wires were weighed. The oxygen combustion vessel was pressurized to 3000 kPa (30 atm) of oxygen. After immersion in 2 L of deionized water at a recorded temperature, ignition was performed on the sample. Temperatures of the water were recorded every minute until the temperature stabilized. The crucible, remaining fuse wire, and ash remaining in the crucible were weighed. The following formula, Equation (1), was used to calculate the HHV:


  H H V =       C p   w a t e r   ∗ ∆ T ∗   m   w a t e r       − (   C p   f u s e   ∗ ∆   m   f u s e   )   ∆   m   s a m p l e      



(1)




where Cpwater is the specific heat of water; ΔT is the change in temperature of the water in the calorimeter bucket; mwater is the mass of water in the calorimeter bucket; Cpfuse is the specific heat of the fuse wire; Δmfuse is the change in mass of the fuse wire; and Δmsample is the change in mass of the sample.





3. Results and Discussion


3.1. Sugar Analysis in HTC Liquid Product


3.1.1. CS Sugar Concentration after HTC


Figure 1 shows the concentration of sugars in the aqueous liquid product for various HTC pretreatments of coffee silverskins (CS). Concentrations have been adjusted to account for the water ratio of the pretreatment so that different pretreatments can be compared. Specifically, if a pretreatment had a 5:1 water-to-biomass ratio, no correction of concentration was performed. If a pretreatment had a 10:1 water-to-biomass ratio, then the concentrations found were doubled, so that it could be properly compared to the 5:1 pretreatment concentrations. If a pretreatment had a 15:1 water-to-biomass ratio, then the concentrations found were tripled, so that it could be properly compared to the 5:1 pretreatment concentrations.



When comparing the types of monosaccharides, arabinose and galactose can be seen to be the more prevalent sugars found in the liquid product for 180 °C HTC pretreatment, with the higher water ratio appearing to give higher concentrations. The presence of arabinogalactan in this biomass may account for this, and coffee beans have been reported to contain arabinogalactan [34]. Greater concentrations of these sugars were also found in previous work at one of the water ratios (1:10) [11]. At a lower HTC temperature (170 °C) for CS, Hijosa-Valsero et al. reported arabinose to be a highly prevalent monosaccharide in the liquid product [23]. Researchers have reported that hemicellulose is largely removed by low-temperature HTC pretreatment [4,11,13,33]. Hydrolysis reactions tend to initially produce arabinose and then glucose and galactose [4]. Although hemicelluloses do contain glucose, the monosaccharides arabinose and galactose often predominate in biomass [11].



One notable finding is that sugar concentrations are lower at the higher HTC temperature. Hemicelluloses have been found to degrade at higher temperatures (290 °C) to produce CO2, CO, and H2O [35]. At higher HTC temperatures, pentoses, such as arabinose, dehydrate to furfural, while hexoses, such as glucose and galactose, convert to 5-hydroxymethylfurfural (HMF), as reported by Wan Azelee et al. [4,36]. The only monosaccharide that did not exhibit this behavior was xylose, where concentration remained similar for both HTC pretreatment temperatures. This finding may be due to xylan continuing to bond to the lignin in the biomass structure, and, thus, not entering the aqueous phase [37]. For CS, a higher water ratio appears to permit more sugar removal from the biomass, possibly due to mass transfer limitations when less water is available for hydrolysis. Increasing the water-to-biomass ratio has been reported to increase the production of monosaccharides for açaí seeds [38].




3.1.2. SB Sugar Concentration after HTC


Figure 2 shows the shows the concentration of sugars in the aqueous product for various HTC pretreatments of sugarcane bagasse (SB). Higher biomass-to-water ratios were employed to allow full submersion of the low-density SB. Variation in the SB feedstock may account for the large standard errors in the concentration of monosaccharides found [39,40]. Nevertheless, some trends are apparent. Xylose and arabinose appear to be the dominant sugars proceeding from the hemicellulose removed from the SB, suggesting that the main hemicellulose is arabinoxylan [41]. Amornnopparattanakul et al. have found xylan and arabinan to be the main hemicellulose components found in SB [42]. Again, higher HTC pretreatment temperature appears to reduce the concentration of these monosaccharides in the liquid product. Arabinose has been shown to decompose or caramelize at temperatures as low as 160 °C or even lower [36,43]. As sugarcane bagasse has had a structure change by the removal of sugar in processing, the hemicelluloses may be easier to detach from lignin. SB, thus, is quite different from CS, which is detached whole from roasting green coffee beans [23].




3.1.3. RH Sugar Concentration after HTC


Figure 3 shows the sugar concentrations after HTC for the unusual (as described below) biomass rice husks (RH). When removed from the rice grain, RH have a layer of silicified cuticle, with the inside concave surface also protected by a coating of silica, and RH consists of ~20% of the husk’s total weight [44,45]. This tough outside layer makes thermal processing to extract monosaccharides difficult [32]. This recalcitrant structure may be the reason that RH appears to show a different behavior when pretreated by HTC. In the liquid product, the higher HTC temperature pretreatment of 200 °C gave a greater concentration of monosaccharides than the lower HTC pretreatment temperature of 180 °C. For the 200 °C HTC temperature pretreatment, glucose and xylose predominate in the liquid product. This suggests that at this more severe reaction condition, water was able to penetrate the silica “armor” of the rice husk and deconstruct the xylan-containing hemicellulose to xylose, as well as some of the cellulose to glucose. The hemicellulose in RH is known to consist predominantly of either xylan or substituted arabinoxylan, which can be converted into xylose [46,47]. Similar concentrations of arabinose were found for the two pretreatment temperatures, suggesting that either all arabinose was extracted at the lower temperature or that arabinose degraded at the higher temperature. Arabinose has been reported to be thermally less stable than xylose, so decomposition resulting in a lower concentration with higher temperature HTC is possible [48].



As can be seen from the concentration scales and different predominant monosaccharides in Figure 1, Figure 2 and Figure 3, various biomass respond to low-temperature HTC differently. Comparing the liquid products from HTC of the different biomass was considered important.




3.1.4. Comparison of the Difference in Biomass Responses to HTC


Figure 4 shows the total concentration of sugars in the aqueous product for various HTC pretreatments of the three biomasses. CS shows lower monosaccharide extraction with higher HTC temperature pretreatment of 200 °C., suggesting that the easily extracted sugars may undergo decomposition reactions at higher temperatures, as discussed in Section 3.1.1. CS has the lowest amounts of inorganics of the three biomass and a wrinkled outer surface, which may make it easier to extract sugars with HTC, with decomposition immediately following [11,32,49]. For SB, total sugar extraction into the liquid HTC product tended to increase with higher HTC temperature pretreatment for the 1:10 SB-to-water ratio. SB has the second highest amount of inorganics of the three biomass, and scanning electron microscopy (SEM) has shown it to have a smooth, flaky surface, factors that may require somewhat higher HTC temperatures to extract some sugars [11,32,50,51]. The higher temperature HTC pretreatment appeared to increase total monosaccharide extraction for RH. This finding likely proceeds from the tough outer coating of silica for RH, as discussed in the previous section.



For each biomass HTC pretreated at 180 °C, a lower biomass-to-water ratio gave a higher total sugar concentration. This finding suggests that the diffusion of monomers out of the biomass particles may be higher if more water is available in the reaction mixture at a lower temperature. The higher temperature HTC of 200 °C shows the opposite result. The ionic product, a measure of water behaving simultaneously as both an acid and a base at high temperatures and pressures, increases in the HTC temperature range studied [52]. Water’s greater effectiveness at the higher temperature may mean the biomass-to-water ratio is less important in this short (5 min) reaction. In general, at higher temperatures, the biomass-to-water ratio has been found to be less crucial than the HTC temperature [13,53,54].



Concentrations after HTC pretreatment of different monosaccharides depended on the type of biomass. Arabinose and galactose predominated in CS, while xylose and arabinose appear to be the dominant sugars proceeding from the hemicellulose removed from SB. Xylan is considered to be the main extractible hemicellulose component in RH, so xylose predominated in the liquid product after HTC pretreatment [47]. The difference among these biomasses in the extractible sugars from low-temperature HTC pretreatment complicates their use in biorefineries, where a yeast seed train will need to be customized for a particular biomass to ferment the available sugars to biofuel [55,56].





3.2. Direct Contact Membrane Distillation (DCMD)


Figure 5 displays the results of DCMD on several of the liquid products from HTC of the secondary agricultural residues. DCDM of HTC pretreated CS gave the highest concentration of the liquid HTC product, increasing concentration by approximately three times.



The reason for higher water removal and, thus, greater concentration may be the lower sugar concentration originally in the HTC liquid for CS, as discussed in Section 3.1.1. Lower initial concentration means less concentration polarization, the natural phenomenon that occurs during membrane filtration where the concentration of the solute near the membrane surface is greater than that of the bulk [57]. The crossflow used in DCMD is known to be advantageous over concurrent flow, reducing concentration polarization [58]. In addition, the vapor pressure of the water molecules that are passing through the membrane may be decreased by a higher concentration of sugar molecules in the solution [59].



For SB pretreated with HTC, the liquid products from DCMD tended to have higher sugar concentrations when pretreated at 180 °C. This would increase concentration polarization and reduce vapor pressure, thus reducing how much water could be removed by DCMD. More sugar release at lower temperature HTC has been found by other researchers [33,60]. This phenomenon is thought to be due to increased crosslinking and condensation of sugars released by HTC when performed at higher temperatures into furfurals (for hemicellulose) and 5-(hydroxymethyl)furfural, short-chain organic acids, and aldehydes (for cellulose) [61]. Polymerization reactions can also produce higher molecular weight, generally at temperatures greater than 200 °C [13]. The higher water-to-SB of 10:1 and 15:1 was deemed necessary for proper HTC processing. This was because the physical form of ground sugarcane bagasse was unable to be submerged in water at lower water-to-SB ratios. The 15:1 water-to-SB ratio is likely to have been more effective in sugar monomer removal from SB, due to better contacting of water with biomass, as suggested by the higher total sugar concentration for the 15:1 water-to SB-ratio. This may explain why a lower concentration of the sugar stream with DCMD was found for 15:1 water-to-SB ratio compared to 10:1.



For the RH HTC liquid product pretreated at 200 °C, little difference was found between the concentrations from DCMD of 5:1 and 10:1 water-to-RH ratios. This is likely a result of the higher density of ground RH particles, meaning that water completely surrounds the particles. RH is an unusual biomass in that it contains ~20% silica, mostly on its surfaces [44,45]. The higher concentration of total sugars from 200 °C HTC likely resulted in greater concentration polarization and lower vapor pressure, giving less concentration of the liquid product from DCMD.




3.3. Higher Heating Values (HHV)


Figure 6 shows the HHV for the various biomass pretreated by HTC at temperatures of 180 °C or 200 °C. SB had a density so low that a 1:5 SB-to-water weight ratio could not allow the SB to be immersed in water. A single experimental run with a 1:15 SB-to-water weight ratio gave an HHV similar to that of a 1:10 SB-to-water weight ratio. In general, the biomass-to-water ratio did not show any discernable difference in HHV for any of the three biomasses.



The analysis of the data indicates no difference between 180 °C and 200 °C. If a solid fuel is desired from HTC pretreatment of food production wastes, the lower temperature would be more desirable in production since it would require less energy. The reason for the reported HHVs is expected to be the removal of extractives, hemicellulose, and partial removal of cellulose at these temperatures [11,62,63,64]. Lignin is expected to remain under the conditions of the pretreatment. The greater number of covalent bonds in lignin means that the solid product should have a high fuel value. It also has a potential use as a binder for fuel pellets [65].





4. Conclusions


As the need for cleaner fuel alternatives continues to rise, research into efficient and safe methods of producing biofuels is a great step in the right direction. This project has shown that water as the solvent in HTC can be an effective method of extracting sugars from food production wastes. However, it must be tailored to the individual biomass used. The DCMD experimentation has also shown that a low-temperature hydrophobic membrane process can concentrate the sugar-laden liquid product from HTC pretreatment. DCMD, as a process to concentrate sugars in HTC liquid products, could promote the idea of using fermentation to produce biofuels.



For CS and SB, HTC pretreatment at the higher 200 °C temperature tended to reduce the concentrations of monosaccharides in the liquid product compared to 180 °C HTC pretreatment. In contrast, RH’s concentrations of monosaccharides in the liquid product increased at the higher 200 °C HTC pretreatment temperature, likely due to the silica coating of this particularly recalcitrant biomass. After HTC pretreatment, CS’s liquid product contained more arabinose and galactose, while SB’s liquid product contained more xylose and arabinose. Which monosaccharide predominated in RH’s liquid HTC product depended on the temperature used. The optimal HTC pretreatment temperature to produce a given sugar mixture is, thus, dependent on the biomass. DCMD was shown to be capable of concentrating sugar, with the HTC liquid product from CS being concentrated to 3 times its original concentration, while SB could be concentrated to 2 times the original concentration and RH to 1.5 times the original concentration. The solid products from 180 °C and 200 °C HTC pretreatment of coffee silverskins, sugarcane bagasse, and rice husks were similar in HHV, indicating that a lower temperature pretreatment may be preferable.
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Figure 1. Glucose (Glu), xylose (Xyl), arabinose (Ara), and galactose (Gal) concentrations from the liquid product of HTC pretreatment for CS. Standard error bars are shown from replicated samples (replicates means two). Concentrations have been adjusted to account for the water ratio of the pretreatment. 
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Figure 2. Glucose (Glu), xylose (Xyl), arabinose (Ara), and galactose (Gal) concentrations from the liquid product of HTC pretreatment for SB. Standard error bars are shown from replicated samples (replicates means two). Concentrations have been adjusted to account for the water ratio of the pretreatment. 
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[image: Biomass 03 00020 g002]







[image: Biomass 03 00020 g003] 





Figure 3. Glucose (Glu), xylose (Xyl), arabinose (Ara), and galactose (Gal) concentrations from the liquid product of HTC pretreatment for RH. Standard error bars are shown from replicated samples. (Replicates means two). Concentrations have been adjusted to account for the water ratio of the pretreatment. 
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Figure 4. Total sugar concentration of the liquid product of HTC pretreatment for the three biomasses. Standard error bars are shown from replicated samples (replicates means two). Concentrations have been adjusted to account for the water ratio of the pretreatment. 
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Figure 5. DCMD concentration of liquid products from HTC of CS, SB, and RH by removing water. 
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Figure 6. HHV of rice husk, coffee silverskins, and sugarcane bagasse pretreated at 180 °C or 200 °C with biomass-to-water weight ratios of 1:5 or 1:10. 
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