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Abstract

:

The growing demand for renewable energies and the application of sustainable and economically viable biorefinery processes have increased the study and application of lignocellulosic biomass. However, due to lignocellulosic biomass recalcitrance hindering its efficient utilization, the pretreatment in the biorefinery is an essential stage for success in the process. Therefore, Deep Eutectic Solvent (DES) has emerged as a promising green pretreatment. During this study, the effect of choline chloride [ChCl]:glycerol and [ChCl]:urea on sugarcane bagasse and brewery bagasse is evaluated. Results have demonstrated that using [ChCl]:glycerol in SCB reduced about 80% and 15% for acid-soluble lignin and Klason lignin, respectively, and improved efficiency on saccharification yields, achieving conversions of 60, 80, and 100% for glucan, xylan, and arabinan, correspondingly. In the case of BSG saccharification yields, about 65% and 98% are attained for glucan and xylan, respectively, when [ChCl]:glycerol was employed. These results confirm the effectiveness and facility of DES pretreatment as a suitable method that can improve the biorefinery processes.
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1. Introduction


Recently, a great interest in renewable sources has grown, due to the exhaustion of fossil energies and environmental problems that interfere in sustainable development [1]. Lignocellulose is considered a renewable and inexpensive resource with the ability to produce various chemical products with high added value [1]. The agroindustry, agriculture and forestry activities as well as food residues provide an annual production near 170 billion tons of biomass [2].



Lignocellulosic biomass is mainly constituted by cellulose (30–50%), hemicellulose (20–30%), and lignin (15–30%) and also pectin, proteins, ash, salts, and minerals in small amounts [2,3]. However, the amount of each compound differs depending on the type of species, material, age, and environment for growth and development [4,5].



Brewery spent grain (BSG) and sugar cane bagasse (SCB) are two outstanding examples of lignocellulosic biomass. BSG represents ~85% of all residues obtained in the brewing industry [6] with a global production of around 39 million tons per year [7]. At the same time, the annual sugarcane production is about 1.6 billion tons, being therefore the main by-product of the sugar cane industry [8]. Both BSG and SCB have a high added value, being available for conversion to other valuable products, e.g., fermentable sugars, which are the carbon source for the growth of microorganisms and enzymes production [9,10,11,12].



Nevertheless, the compact structures owing to the co-existence of cellulose, hemicellulose and lignin, via hydrogen and covalent bonds, provide resistance toward microbial and enzymatic degradation [13], preventing their easy conversion into valuable products [14]. In this regard, for a satisfactory conversion of lignocellulosic biomass into bioproducts, a pretreatment including micro and macroscopic modifications in the structure and changes in its composition is required [4].



The processes of pretreatment could be classified into physical, chemical, physicochemical, and biological, although many variations include two or more method combinations [13]. The different pretreatments applied to overcome the biomass recalcitrance are shown in Table 1. In general, the efficacy of the pretreatment is focused on a high deconstruction of biomass structure. However, the high energy consumption, aggressive chemical requirements and high operational conditions elevate environmental costs, forcing the search for new alternatives to fractionate lignocellulosic biomass [2].



Recently, a new biomass pretreatment technique based on the use of “green solvent”, as a deep eutectic solvent (DES), has received researchers’ interest as an emerging technology [15]. DES is considered a lesser or non-toxic pretreatment that is biodegradable, recyclable, energy efficient, cost-effective, and available on a large scale [16]. Furthermore, DES can be obtained from natural or easily accessible compounds in a simple process (heating and mixing), making them a great potential green chemistry perspective [17].



Formerly, DESs were employed in metal processing, catalysis, extractions, analytics, electrochemistry, and as synthesis media or template [18,19]. Nevertheless, research on processing lignocellulosic biomass with DES has attracted interest focused on sustainable processes and circular biorefineries [20].



DES is composed by a hydrogen bond acceptor (HBA), generally a quaternary ammonium cation as choline chloride (ChCl), and a hydrogen bond donor (HBD), such as alcohols, amides, polysaccharides, carboxylic acids, and polyols [17]. HBA and HBD must be joined in a specific molar ratio due to the fact that the efficiency to remove lignin and to recover polysaccharides could be influenced by the ratio HBA/HBD [21].



The mechanisms of delignification in DES systems are mightily correlated with the ability of electronegative halogen anion Cl− from ChCl to form hydrogen-bonds with hydroxy groups in lignin, leading to dissolution of aromatic compounds [22]. In the case of cellulose dissolution, DES breaks down the initial intermolecular hydrogen bonds in cellulose (β-(1,4)-glycosidic) and generates new hydrogen bonds between DES and hydroxy groups in polysaccharide [23,24]. The inter or intramolecular hydrogen bonds in cellulose can be debilitated by hydrogen bond basicity from DES, which demonstrates the ability of a solvent to be a hydrogen bond acceptor. In addition, as claimed by [25], anions with the ability of hydrogen bond accepting as Cl−, OAc−, HCOO−, (MeO)2PO2−, morpholine, or imidazole, are outstanding candidates to form DESs for cellulose dissolution.



Nevertheless, one of the factors that generate a restriction on the efficiency of DES pretreatment in biomass is its high viscosity, due to it reducing the mass transfer during the pretreatment process. Consequently, higher temperatures could be required to reduce the viscosity and enhance the transference of DES into the lignocellulosic matrix for improving delignification and hemicellulose hydrolysis [26,27].



However, severe operating conditions, such as long reaction times and extreme operating temperatures, might lead to thermal degradation of polysaccharides in furfural (a fermentation inhibitor highly undesirable in the downstream process) [28,29]. An alternative non-toxic, low-cost, and easily available solvent as compared to many chemicals is the addition of distilled water to reduce the viscosity in DES systems and enhance mass transfer while maintaining optimal operating conditions during biomass pretreatment [4,27,30].



One of the important aspects to highlight in the application of DES technology is its recyclability and reuse, because this can minimize the discharge of flows and reduce the costs of the process to a great extent, which determines the viability of the pretreatment process [31].



Chen et al. [32] reported the efficiency of switchgrass pretreatment using ChCl:glycerol up to three recycling cycles. During this study, the decrease in the yield of lignin removal and hemicellulose hydrolysis was noticed (64.50–15.27% and 53.10–25.66%, respectively). They also observed that the saccharification of the cellulose decreases from the first cycle 77.51% to 32.6% in the third recycling. This is due to impurities induced by hemicellulose and lignin degraded compounds that interfere with the DES pretreatment. For this reason, the ultrafiltration membrane has been proposed as an optimal purification and recovery mechanism for DES [33].



Shen et al. [34] fractionated Eucalyptus using the [ChCl]:LA eutectic mixture, reporting that up to 90% DES could be recovered and recycled. DES could maintain satisfactory pretreatment performance with saccharification from 94.3% to 73.8% after four cycles, suggesting that DES exhibited excellent recyclability in biomass pretreatment. Therefore, DES pretreatment can be considered as a low cost and recycled biorefinery process.



This work aims to study the effect of green technologies based on the use of two DESs ([ChCl]:urea and [ChCl]:glycerol) to improve the deconstruction of SCB and BSG through lignin extraction and further increment in the saccharification yield.




2. Materials and Methods


2.1. Lignocellulosic Biomass


Sugarcane bagasse (SCB) was supplied by the National Institute of Forestry Agricultural and Livestock Research (INIFAP) from Veracruz, Mexico. Brewery spent grain (BSG) was obtainable by Letra (Vila Verde, Braga, Portugal).



Lignocellulosic biomass was dried at room temperature (25–30 °C). After, it was crushed with a stainless-steel mill (SOGO, SS-111 5430 models, Sanysan Appliances SL, Valencia, Spain) and stored in propylene bags at 25 °C until further use.




2.2. Chemicals


Choline chloride (ChCl) was obtained from Alfa Aesar with a purity of >98%. It was kept in a desiccator before use to avoid moisture adsorption. The glycerol with laboratory reagent grade and urea (>99.5% of purity) were provided from Fisher Scientific (Hampton, NH, USA). All the chemical reagents used during this study were of analytical quality.




2.3. Synthesis of Deep Eutectic Solvent (DES)


The development of the DES [ChCl]:urea and [ChCl]:glycerol preparation were carried out as described by Xu et al. [2] with minor modifications. DES solution was prepared using the quaternary ammonium salt [ChCl] in a mixture with 70% (w/v) and adding a hydrogen bond donor, urea and glycerol with a molar ratio 1:2 (mol/mol) for each DES solution. The mixture was stirred for 30 min at 50 °C and 80 °C for [ChCl]:urea and [ChCl]:glycerol, respectively, until a colorless liquid was formed. Finally, the solutions were stored at room temperature (25 °C) until use.




2.4. DES Pretreatment


The effect of two eutectic mixtures [ChCl]:urea and [ChCl]:glycerol was evaluated, using the methodology described by Procentese et al. [35] with a solid–liquid ratio (SLR) 1:16 (w/w) at a reaction time of 15 h in a sand bath with magnetic stirring. The pretreatment with [ChCl]:urea was not carried out up to 140 °C, owing to the excessive increase in temperature breaking the terminal stability of [ChCl]:urea [27]. Whereas due to the viscosity presented by [ChCl]:glycerol, a reaction temperature of 160 °C was used.



Once the reaction finished, 50 mL of distilled water at room temperature (23 °C) was added to each sample to stop the reaction. Then, the sample was centrifuged (Ortoalresa, Consul 21, EBA 20, Hettich Zentrifugen, Germany) at 2755× g for 30 min. The supernatant was separated by decantation, and the sedimented biomass CRM (delignified carbohydrate-rich material) was dried for 24 h at 50 °C in an oven (Celsius 2007, Memmert, Schwabach, Germany) until its lignocellulosic analysis.




2.5. Lignocellulosic Analysis


The characterization of polysaccharides (glucan, xylan and arabinan) for untreated and pretreated biomass (SCB and BSG) was determined by quantitative acid hydrolysis in two stages according to the NREL/TP-510-42618 methodology described by Sluiter et al. [36]. The liquid fraction obtained for each sample was used for the analysis of structural sugars through HPLC system (Agilent model 1200, Palo Alto, CA, USA). A refractive index detector and an Aminex HPX-87H ion exclusion column (Bio Rad 147,300 × 7.8 mm, 9 μ particles) with guard column were used. The sample was eluted with 0.3 g/L of H2SO4 at 0.6 mL/min and 50 °C. Concentrations were quantified using calibration curves of glucose, xylose, and arabinose (g/L).



The acid-soluble lignin (ASL) quantification was carried out employing the liquid fraction of quantitative acid hydrolysis. Each sample was diluted with 4% (w/w) H2SO4 and measured at 205 nm in a UV–Vis Spectrophotometer (Libra S60-Biochrom, Cambridge, UK). The solid residue obtained after hydrolysis was oven-dried at 105 °C and considered as Klason lignin (KL) [36]. The percentage of lignin removed was calculated (Equation (1)) [37,38]:


  Lignin   removal   ( % ) =   1 −    Total   lignin   in   pretreated   biomass     Total   lignin   in   untreated   biomass    × S   × 100 .  



(1)




where S is the solid recovered (g) after pretreatment.




2.6. Enzymatic Saccharification


Nowadays, the transformation of lignocellulosic biomass into simple sugars (mainly glucose and xylose) by enzymatic hydrolysis is one of the green technologies used in the biorefinery concept. Therefore, during this study, the analysis of the effect of DES pretreatment in the deconstruction of SCB and BSG structures to improve the release of reducing sugars was carried out through enzymatic hydrolysis. The enzyme load used was cellulase-substrate ratio 28 FPU g−1 of Celluclast 1.5 L and cellobiase-cellulase ratio 13 (IU FPU−1) of Novozymes, according with the methodology described by Bustos et al. [39]. Sodium citrate buffer at pH 4.8 (30 mL) was added per gram of CRM and stirred at 150 rpm and 50 °C for 72 h, using destructive flasks in triplicate. Once the reaction time was over, the enzymes were denatured in a water bath at 100 °C for 5 min. The sugar aliquots were analyzed by HPLC to calculate the glucose and xylose yields as follows:


   Glucose   yield     %  =      Glucose   in   enzymatic   hydrolyzate     g     Initial   glucan   in   substrate     g  × 1.11     × 100  



(2)






   Xylose   yield     %  =      Xylose   in   enzymatic   hydrolyzate     g     Initial   xylan   in   substrate     g  × 1.13     × 100  



(3)








2.7. Statistical Analysis


The measure of dispersion of each experiment for SCB and BSG lignocellulose composition and saccharification yield were expressed as the mean ± standard deviation of three independent experiments. Minitab 17 statistical software package (version 17.1.0) was employed.





3. Results and Discussion


3.1. Compositional Analysis


According to reported studies [10,12], SCB and BSG are predominantly composed of a glucose homopolymer, such as cellulose, heteropolymers composed of xylose, arabinose, and galactose, and to a lesser extent lignin (complex macromolecule of phenolic compounds) [8].



Table 2 shows the content of glucan, xylan, arabinan, and total lignin in the untreated SCB and BSG. The results are consistent with the extensive literature reported by various studies [10,12,37,40].



Table 2 also reports the results of DES pretreatment using [ChCl]:urea or [ChCl]:glycerol in both lignocellulosic materials. The effect of [ChCl]:urea at 140 °C in SCB evidenced the decrease in glucans content. According to Li et al. [41], this could be due to factors such as temperature and reaction time during the pretreatment, because temperatures above 100 °C and prolonged times promote the elimination of lignin and the conversion of a higher part of the hemicellulose (xylans and arabinans) and cellulose (glucans) into soluble products of low molecular mass, which cannot be recovered as solid material after the pretreatment.



Conversely, the DES composed of [ChCl]:glycerol increased 1.30-fold times the content of glucans after pretreatment related to the composition of the untreated SCB. However, the xylan fraction decreased, probably because of the delignification effect. In accordance with Li et al. [41], DES acts as a mild acid-base catalytic solution that tends to break the β-O-4 aryl ester bonds between lignin and polysaccharides, as well as ester linkages between lignin and 4-O-methylglucuronic acid, which is known to be randomly distributed along the xylan chains. Therefore, a majority fraction of cellulose is promoted in the pretreated material, whereas the degradation products (lignin, xylan, and arabinan) are generally dissolved in the solvent (DES). This is consistent with the results present for lignin removal using glycerol as a hydrogen bond donor, because it shows a delignification of more than 75% and ~15% for ASL and KL lignin, respectively.



The differences observed in the composition of SCB after the pretreatment with each eutectic mixture could be related to different factors, such as the size of the alkyl chain, the viscosity, and the HBA-HBD interaction from the eutectic mixture of DES [42]. The viscosity of DES tends to increase due to the formation of hydrogen bonds between the Cl- and the OH+ groups from HBD, which generates a network of hydrogen bonds between the components and then increases the attractive force of the molecules and decreases the free volume of the DES, causing a smaller interaction between the solvent and the biomass [43]. However, the viscosity decreases significantly when water is added to the system (10 to 30 times depending on the HBD) [44]. According to Du et al. [45] at 25 °C, the viscosity of [ChCl]:urea hydrated with 6% (w/w) water was 13 times lower than the viscosity of pure [ChCl]:urea. The size of the alkyl chain in HBD influences the DES pretreatment system. This is probably owing to the formation of additional hydrogen bonds between the carboxyl group −COOH due to its polar character, which induces the formation of a greater number of hydrogen bonds between the carboxylic acid molecule and [ChCl-], increasing the viscosity and decreasing the DES-biomass interaction [46,47]. DES formed by monocarboxylic acid as HBD is more efficient in biomass deconstruction and delignification than DES composed by dicarboxylic acid [44,48].



The transformations obtained in the composition of the BSG after the pretreatment with [ChCl]:urea and [ChCl]:glycerol are shown in Table 2. Neither of the DESs generated changes in the content of glucans. However, the use of [ChCl]:urea at 140 °C increased the content of xylan and arabinan, whereas the use of [ChCl]:glycerol at 160 °C decreased the percentage of these polymers and also generated a higher percentage of ASL delignification (80%), which could be influenced by heightening the temperature during the process (160 °C). According to Hong et al. [49], an increment of temperature promotes a minimization of viscosity in the system and enhances the diffusion between DES and biomass, which contributed to the effective interaction, improving the fractionation and recovery of lignin and polysaccharides from biomass [50]. This agrees with Guo et al. [51] using [ChCl]:1,4-butanediol with a molar ratio of 1:2 (mol/mol), SLR 1:20 (w/v) during 2 h of the reaction, which reported the reduction of glucan content from 92.5% to 88.7% when the temperature was incremented from 80 to 120 °C and the delignification percentage improved from 30.7% to 54%, respectively. Likewise, Chen et al. [52] pretreated herb residues of cortex albiziae with [ChCl]:p-coumaric acid (2:1 mol/mol) for 7 h and studied increased temperatures in a rank of 140, 160, 180 to 200 °C, obtaining a delignification percentage of 8, 10, 50, and 84%, respectively.



The results presented factors, such as the type of HBD and the reaction temperature, which influenced the pretreatment with DES, specifically in the recovery of cellulose and in the fractionation of lignin.




3.2. Effect of Enzymatic Digestibility in SCB and BSG after DES Pretreatment


The degree of release or the total yield of reducing sugars depends on the pretreatment conditions [53]. In this way, Figure 1a shows the highest concentration of total sugars after pretreatment with [ChCl]:glycerol and [ChCl]:urea of 20.52 and 18.79 g/L, respectively, about 2.25 and 2-fold times more than that obtained with the untreated SCB (9.11 g/L). Meanwhile, Figure 1b represents the saccharification yield achieved during the enzymatic hydrolysis of SCB, reaching a maximum glucan percentage conversion of 68.57 ± 4.24 and 56.29 ± 6.34, a xylose percentage conversion of 48.26 ± 0.64 and 82.47 ± 2.05, and finally an arabinan percentage conversion of 73.87 ± 0.19 and 100 ± 3.92 for [ChCl]:urea and [ChCl]:glycerol, respectively. According to the results, the pretreatment with [ChCl]:glycerol was more effective in the saccharification of hemicellulose (xylans and arabinans) than [ChCl]:urea. Less severe pretreatment conditions using [ChCl]:urea could diminish the delignification effects (Table 2).



On the other hand, Figure 2a shows the release of reducing sugars from untreated and pretreated BSG with [ChCl]:urea (140 °C) and [ChCl]:glycerol (160 °C). It can be noted that the increment after the pretreatment reached a maximum concentration of 17.76 g/L and 13.18 g/L for each eutectic mixture, respectively, compared to the low value obtained using the untreated biomass (5.12 g/L).



In addition, Figure 2b represents the percentage of saccharification obtained with each DES, which achieved similar glucan conversion yields for [ChCl]:urea and [ChCl]:glycerol. However, the yield of xylan saccharification using [ChCl]:glycerol (160 °C) is close to 98%. This could be related to the maximum ASL lignin removal (80%) reported in Table 2, because it could promote a higher formation of amorphous zones in the pretreated biomass and consequently enhance the access of the enzymes to the polysaccharides [32].



The results achieved in this work were recapitulated in Table 3 along with the application of different eutectic mixtures and their efficiency after enzymatic hydrolysis. The saccharification yields vary according to the composition of the DES, the type of biomass, and the operating conditions used during the pretreatment.



Nevertheless, low saccharification yields were exhibited using [ChCl]:urea [35,55]. This could be attributable to the feeble alkalinity (pH 9) and the elevated viscosity of the eutectic solvent, which does not allow an efficient interaction between biomass and DES [48,57].



DES with a polyalcohol, such as HBD, has a high hydrophobicity that improves the biomass fractionation and reduces the effects of corrosion responsible for the loss of polysaccharides [32]. Subsequently, employing [ChCl]:glycerol has been reported in different works, because it enhances the accessibility of enzymes during the saccharification, achieving yields between 60 and 90% [37,54].



Nonetheless, it is evidenced that the saccharification yields change according to the composition of biomass used. As mentioned by Wang and Lee [4], the xylan and lignin content are variables that hinder the saccharification of cellulose due to the crosslinking between lignin and xylan, through a strong network of covalent and hydrogen bonds with different functional groups, such as phenyl glycoside, benzyl ether, and benzyl ester [58,59].



Table 3 also indicates that temperature is one of the pretreatment variables that influence saccharification yields because it affects the degree of delignification and polysaccharide recuperation using DES pretreatment [60]. The increase in temperature reduces the viscosity of the DES system by breaking the hydrogen bonds between the components of the eutectic mixture, enhancing the diffusibility of the DES-biomass system [50].



As a result of the analysis of this work, it is important to highlight factors such as the pretreatment temperature, the reaction time, and the solid–liquid ratio, which could lead to a decrease in the saccharification yield caused by degradation of the polysaccharides during the pretreatment, the destabilization of DES, and the formation of biomass clumps that prevent immediate access to the enzymes on the substrate [61].





4. Conclusions


The evaluation of glycerol and urea as HBD in DES pretreatment demonstrated a significant effect on the physicochemical structure of biomass and saccharification yield in SCB and BSG. The participation of DES was highlighted as a promising green solvent for biomass pretreatment. In addition, the characterization of SCB and BSG after DES pretreatment demonstrated the improvement, delignification, and removal of xylan and arabinan, which led to the increase in saccharification yield because the cellulose fraction was more prone to enzymatic attack. Among the two DESs evaluated, [ChCl]:glycerol exhibited the maximum lignin extraction (~80 and 15% for ASL and KL, respectively) and increased the enzyme amenability to obtain conversion percentages of polysaccharides above 60% for both lignocellulosic residues. On the other hand, it is necessary to deepen the operating conditions, the type of eutectic mixture and the biomass used due to their importance in the further enhancement of DES pretreatment and biorefinery processes.
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Figure 1. Released sugars (a) and saccharification yield (b) obtained after enzymatic hydrolysis carried out in SCB untreated and pretreated with different eutectic mixtures. 
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Figure 2. Released sugars (a) and saccharification yield (b) obtained after enzymatic hydrolysis carried out in BSG untreated and pretreated with different eutectic mixtures. 
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Table 1. Pretreatments applied in the biomass fractionation.
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	Conventional Type
	Pretreatment Methods
	Advantages
	Disadvantages





	Biological
	
	-

	
Microorganisms (mainly fungi and bacteria)






	
	-

	
Low-cost




	-

	
Environmentally friendly




	-

	
Lesser energy requirements






	
	-

	
Poor success rate









	Physical
	
	-

	
Milling and refining




	-

	
Irradiation




	-

	
Sonication




	-

	
Mechanical




	-

	
Hydrothermal




	-

	
Ultrasonic






	
	-

	
Easy operation




	-

	
Rupture the biomass structure




	-

	
Combined with other processes improves hydrolysis






	
	-

	
High energy demand




	-

	
Inefficiency in product recovery









	Chemical
	
	-

	
Acidic pretreatment (generally with dilute HCl and H2SO4)




	-

	
Alkali pretreatment (with solution such as NaOH, KOH or Ca (OH)2)




	-

	
Organosolv




	-

	
Ionic Liquids






	
	-

	
Fast




	-

	
Effective






	
	-

	
High energy consumption




	-

	
Chemical requirements




	-

	
High cost




	-

	
Environmental problems




	-

	
Equipment corrosion problems




	-

	
Formation of toxic compounds









	Physicochemical
	
	-

	
Microwave




	-

	
Steam explosion




	-

	
Liquid hot water






	
	-

	
Increased efficiency
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Table 2. Biomass composition before and after DES pretreatment.
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Composition (%)

	
Lignin (%)

	
Lignin Remotion (%)




	
Biomass

	
DES

	
Temperature

	
Glucan

	
Xylan

	
Arabinan

	
ASL

	
KL

	
ASL *

	
KL *






	
SCB

	
Untreated

	
-

	
41.00 ± 1.53

	
27.80 ± 0.89

	
2.49 ± 1.78

	
3.07 ± 0.05

	
19.14 ± 1.23

	
-

	
-




	
[ChCl]:U

	
140 °C

	
35.52 ± 2.58

	
31.99 ± 1.05

	
10.32 ± 1.69

	
2.80 ± 0.35

	
17.69 ± 1.25

	
2.80 ± 0.08

	
7.57 ± 2.21




	
[ChCl]:G

	
160 °C

	
53.58 ± 5.78

	
19.97 ± 1.52

	
5.56 ± 0.78

	
0.75 ± 0.02

	
16.29 ± 2.45

	
75.57 ± 1.89

	
14.89 ± 3.65




	
BSG

	
Untreated

	
-

	
35.73 ± 0.25

	
17.06 ± 1.54

	
7.84 ± 2.54

	
6.37 ± 0.45

	
18.75 ± 1.23

	
-

	
-




	
[ChCl]:U

	
140 °C

	
37.67 ± 1.47

	
29.53 ± 2.54

	
8.95 ± 0.69

	
2.89 ± 0.04

	
15.60 ± 3.21

	
54.63 ± 1.12

	
16.80 ± 3.25




	
[ChCl]:G

	
160 °C

	
32.91 ± 2.85

	
13.94 ± 3.54

	
0.00 ± 0.00

	
1.32 ± 0.07

	
46.44 ± 5.35

	
79.27 ± 4.35

	
-








ChCl:U: choline chloride-urea; ChCl:G: choline chloride-glycerol; *: Based on initial composition of SCB or BSG; ASL: acid soluble lignin; KL: Klason lignin.
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Table 3. Saccharification yields using DES pretreatment on lignocellulosic biomass.
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DES

	
Biomass

	
Operating Conditions

MR (mol/mol)—T (°C)—SLR (w/w)—t (h)

	
Saccharification Yield (%)

	
References






	
[ChCl]:glycerol

	
Corncob

	
1:2—150—1:16—15

	
91.5 glucan

95.5 xylan

	
[35]




	
[ChCl]:urea

	
58.6 glucan

31.2 xylan




	
[ChCl]:glycerol

	
Switchgrass

	
1:2—120—1:10—1

	
79.9 glucan

	
[32]




	
[ChCl]:glycerol

	
Brewery spent grain

	
1:2—150—1:32—3

	
94 glucan

	
[54]




	
[ChCl]:lactic acid

	
Oil palm empty fruit bunch

	
1:2—120—1:10—3

	
20.7 glucan and xylan mainly

	
[55]




	
[ChCl]:urea

	
20 glucan and xylan mainly




	
[ChCl]:glycerol

	
16.9 glucan and xylan mainly




	
[ChCl]:glycerol

	
Sugarcane bagasse

	
1:2—80—1:20—12

	
95.84 glucan

	
[37]




	
[ChCl]:lactic acid

	
Poplar sawdust

	
1:2—130—NR—1.5

	
75.8 glucan

	
[56]




	
[ChCl]:glycerol

	
Sugarcane bagasse

	
1:2—160—1:16—15

	
56.30 glucan

82.47 xylan

100 arabinan

	
Present study




	
[ChCl]:urea

	
1:2—140—1:16—15

	
56.67 glucan

65.37 xylan

73.87 arabinan




	
[ChCl]:glycerol

	
Brewery spent grain

	
1:2—160—1:16—15

	
65.77 glucan

97.96 xylan




	
[ChCl]:urea

	
1:2—140—1:16—15

	
59.22 glucan

57.60 xylan

90.21 arabinan








MR: molar ratio; SLR: solid liquid ratio; [ChCl]: Choline chloride, NR: not reported.
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