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ABSTRACT   

Novel and sustainable pretreatment approaches are desired to improve the techno-commercial 

feasibility of bio-refineries in the future. In this study, ten renewable deep eutectic solvents 

(DESs) were evaluated for their pretreatment efficiency at facile conditions with sugarcane 

bagasse as substrate and compared with conventional pretreatment approaches (dilute alkali, 

dilute acid and ionic liquid (IL)) for lignin removal, saccharification yield, cellulose 

accessibility, crystallinity and physiochemical properties. Although, highest delignification was 

obtained with dilute alkali (59.7%) closely followed by selected DES (choline chloride:lactic 

acid  or ChCl:LA) i.e. 50.6% but maximum cellulose accessibility and sugar yields were 

obtained with ChCl:LA (90.4%) and IL (98.0%) (1-butyl-3-methylimidazolium acetate). The 

nuclear magnetic resonance analysis of ChCl:LA derived lignin showed selective removal of 

guaiacyl lignin with decrease in the β–O-4 linkages without any condensation structure 

formation. Interestingly, unlike IL; the lignin was substantially depolymerized after ChCl:LA 

pretreatment as determined by gel permeation chromatography. Further, high compatibility of 

ChCl:LA with cellulase in comparison of IL with easy recyclability and recycling showed that 

DESs synthesized from renewable resource are promising ‘green’ solvents for future biorefinery 

operations. 
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INTRODUCTION  

Sugarcane bagasse is a byproduct of the sugar industry, and over 500 million metric tons per 

year is generated globally as per the recently published reports.1, 2  Only a limited amount of it 

got utilized in industry while; the surplus of it is burnt inefficiently as a fuel. Thus, it is 

considered as an inexpensive resource for biofuels production.3, 4 Despite of significant advances 

in second generation (2G) bioethanol technology, still the major challenge is the development of 

less energy intensive and sustainable pretreatment technology for the biomass deconstruction. 

The recent discovery of biocompatible Deep Eutectic Solvents (DESs) and their application with 

lignocelluloses projected them as promising alternatives to replace the ionic liquids.5, 6  

DESs offer several advantages over ionic liquids for biomass pretreatment as they are 

inexpensive, non-flammable, non-toxic, thermochemically stable and biodegradable.7 Moreover, 

they are easy to prepare by mixing together a hydrogen bond acceptor (HBA) (quaternary 

ammonium or phosphonium salts) and a hydrogen bond donor (HBD) (carboxylic acid, amide, 

amine or metal halide) without any additional purification procedure post synthesis.8 The melting 

temperature of DESs is much lower than its constituents. 9, 10Another, intriguing advantage of 

DESs is their physio-chemical properties which could be easily tuned by rational selection of its 

constituents on the basis of molecular structure, chemical nature and ratios.11 Thus, a critical 

comparison of DESs with other conventional and energy intensive pretreatment approaches is 

vital to understand the efficacy of DESs as a ‘green’ and sustainable method for biomass 

deconstruction.12 

In a recent report, DESs based on choline chloride (ChCl) as HBA and lignin-derived phenols 

such as 4-hydroxybenzyl alcohol (HBA), catechol (CAT), vanillin (VAN) and p-coumaric acid 

(PCA) as HBDs were evaluated for delignification of switchgrass at 160°C and subsequent 

enzymatic hydrolysis.13 Highest delignification (60.8%) and glucose yield (85.7%) was obtained 

with ChCl:PCA.13 In yet another recent study, ethylammonium chloride:ethylene glycol 

pretreated oil palm trunk fibre produced glucose yields of 74.0% after 24 h of enzymatic 

hydrolysis.14 Rice straw pretreated by dual DESs at 120°C involving first proline:malic acid or 

choline chloride:oxalic acid and subsequently with choline chloride:urea resulted in 90.2% 

glucose after saccharification.15 Similarly, more than 92.0% glucan conversion was obtained 

with ChCl:glycerol and ChCl:imidazole pretreated corn cob at 150°C.16 Recently, the Net 

Energy Ratio (NER) was determined for butanol production via DES pretreatment, it showed a 

decrease in energy demand by 28% and 72% as compared to the alkali and steam explosion 

pretreatment, respectively.17 Since, DESs are relatively new and only few studies conducted at 

mild pretreatment conditions therefore; additional research is indispensable to examine and 

understand their application as an alternative to currently exploited used harsh pretreatment 

systems.18, 19  



In this study, four pretreatment approaches namely, dilute alkali (sodium hydroxide), dilute acid 

(sulfuric acid), ionic liquid (1-butyl-3-methylimidazolium acetate ([C4C1Im][OAc]) and ten 

different DESs prepared with choline chloride (ChCl) or betaine as hydrogen acceptor 

(ChCl:ethylene glycol, betaine:ethylene glycol, ChCl:lactic acid, betaine:lactic acid, 

ChCl:glycerol, betaine:glycerol, ChCl:urea, betaine:urea, ChCl:imidazole, betaine:imidazole) 

were evaluated at facile conditions for delignification, rate of enzymatic hydrolysis, recalcitrance 

and other chemical properties of the pretreated residue and lignin. Advanced analytical 

techniques viz. Fourier-transform infra-red spectroscopy (FTIR), X-ray diffraction (XRD), gel 

permeation chromatography (GPC), modified Simons’ staining, scanning electron microscopy 

(SEM) and nuclear magnetic resonance (NMR) were used to decipher the structural 

modifications. As per our knowledge, this is the first report where DESs were evaluated with 

three conventional pretreatments i.e. dilute alkali, dilute acid and IL at mild temperature on 

sugarcane bagasse. 

MATERIALS AND METHODS 

Materials 

Sugarcane bagasse (~10 cm size) was procured from Green Energy Inc. Vonore, TN, USA and 

was air dried for two days in a fume hood until the moisture content was below 5%. This was 

followed by particle size reduction of bagasse in a Mini Wiley Mill (Thomas Scientific, 

Swdesboro, NJ) through a screen size of ASTM standard mesh no. 40 (0.425 mm nominal sieve 

opening). Bagasse extractives were removed through Soxhlet extraction with dichloromethane 

for 8 h and the extractives-free biomass was air dried in a fume hood for 24 hours.20 Direct 

Orange 15 (Pontamine Fast Orange 6RN) dye was obtained from Pylam Products Co. Inc. 

(Garden City, NY). Accellerase® 1500 was a kind gift from DuPont Industrial Biosciences at 

Palo Alto, CA (Batch No. 4902279303). All chemicals were of analytical grade. All chemicals 

except dyes and enzymes were purchased from Fisher Scientific, Thermo Fisher Scientific, 

(Waltham, MA) or Sigma-Aldrich (St. Louis, MO). 

Preparation of DESs 

DESs were prepared by mixing together hydrogen bond acceptor (HBA) and hydrogen bond 

donor (HBD) constituents in a 500 ml, capped glass media bottles in a water bath maintained at 

80 °C with continuous shaking until a homogeneous and clear solvent was obtained.21 The DESs 

were allowed to cool in desiccators to ambient temperature and used for pretreatment. Molar 

ratios of ten different DESs and their properties are listed in Table S1 on the basis of previous 

literature. 11, 22, 23 

Pretreatment and composition analysis  

Milled extractives-free sugarcane bagasse was pretreated at 5% (w/v) biomass loading with 

alkali (sodium hydroxide, 1% w/v concentration, pH 13.7), deep eutectic solvents (choline 



chloride:ethylene glycol (pH 7.6), choline chloride:lactic acid (pH 2.9), choline chloride:glycerol 

(pH 7.1), betaine:ethylene glycol (pH 7.9), choline chloride:urea (pH 9.7), betaine:lactic acid 

(3.7), choline chloride:imidazole (pH 7.4)) or ionic liquid (1-butyl-3-methylimidazolium acetate, 

pH 11.1) at different time periods (2–12 h) at 80±2°C in a water bath with continuous stirring 

using magnetic stirrers in 500 ml Fisherbrand™ glass bottles. Dilute acid pretreatment was 

conducted in a high pressure batch reactor (Series 4560, Parr Instrument Company, Illinois, 

USA) with 0.5% (w/v) sulfuric acid (pH 1.8), at 150 °C for 30 min (heating ramping rate was 

~5°C/min) with an impeller agitation speed of 100 rpm. The reactor was immediately quenched 

in an ice cold water bath after pretreatment and took ~5 min to cool down to 25°C.  

After pretreatment, the bagasse slurry was filtered by vacuum filtration through VWR Grade 417 

glass fiber filter paper. Recovered solids were washed thoroughly with excess of warm (70°C -

80°C) deionized water to remove any residual solvent before analysis. Compositional analysis of 

all washed and air dried pretreated sugarcane bagasse samples was carried out by National 

Renewable Energy Laboratory (NREL) standard procedure “Determination of Structural 

Carbohydrates and Lignin in Biomass” in triplicate.24  

DES recycling and reuse 

DESs could be recycled easily, since no chemical reaction takes place during their synthesis and 

its components are bonded together with weak hydrogen bonding network only. In addition, it 

has been reported earlier that the solvent power of the DES weakened in the presence of water 

and it acted as an antisolvent leading to the precipitation of solutes out of the aqueous DES 

solution. 25 Here, an aqueous solution was made by adding water in the DES pretreatment liquor 

(in a ratio of 2:1 v/v) recovered after solid–liquid separation in above step. This mixture was kept 

overnight at 4°C in a cold room so as to allow the precipitation of lignin. The precipitated lignin 

was separated by centrifugation at 10,000×g for 10 min (Model No. 5810R, Eppendorf, 

Germany).18 Further, the vacuum rotary evaporation method was used to evaporate the residual 

water from DES-water mixture obtained after lignin removal at 70°C under vacuum (Model No. 

R-215, Buchi, Switzerland) as described previously by Kumar, Parikh and Pravakar 21  The 

recovered water and DES was reused again for the next cycle of sugarcane bagasse pretreatment. 

Enzymatic hydrolysis 

All enzymatic hydrolysis experiments were conducted according to the Laboratory Analytical 

Procedure (LAP) developed by National Renewable Energy Laboratory (NREL) in 25 ml 

borosilicate Erlenmeyer flasks and 10 ml total reaction volume.26 Pretreated and native (control) 

biomass were added in the flasks at 1% w/v glucan loading of solids with 50 mM sodium citrate 

buffer (pH 5.0) and 0.02% sodium azide as microbial inhibitor and kept at 50 °C an incubator 

shaker and 150 rpm. The protein content of the Accellerase 1500 enzyme was determined as 82 

mg/ml by Bicinchoninic Acid (BCA) protein kit.27, 28 Protein loading of Accellerase 1500 was 10 

and 50 mg/g glucan in the untreated biomass. Aliquots of equal amount of 0.2 ml were 

withdrawn after shaking at 4, 24, 48, 72 and 120 h and quenched for 10 min in a boiling water 



bath followed by centrifugation (MiniSpin Plus, Eppendorf AG, Hauppauge, NY) at 10,000 rpm 

for 5 min.29, 30 The liquid supernatants were then frozen to -20 ºC until sugar quantification was 

accomplished. The supernatants were diluted and injected into high-performance anion exchange 

chromatography with pulsed amperometric detection (HPAEC-PAD) using Dionex ICS-3000 

(Dionex Corp. in Sunnyvale, CA) equipped with electrochemical detector, a CarboPac PA1 

guard column (2 × 50 mm, Dionex), a CarboPac PA1 column (2 × 250 mm, Dionex), an AS40 

automated sampler and a PC 10 pneumatic controller at 25°C. Hydrolysis yields (saccharification 

efficiency, %) were calculated  on the basis of the theoretical glucan or xylan in pretreated 

bagasse as described previously.31  

Cellulose accessibility  

The modified Simons’ staining technique was performed according to Chandra, et al. 32 Due to 

small quantity of available solids, one concentration of orange dye was used for comparison of 

cellulose accessibility instead of several concentrations that are required for Langmuir adsorption 

isotherms. Briefly, 1% Direct Orange 15 dye (Sigma Aldrich, St. Louis, MO) solution in water 

was ultrafiltered at 4000 rpm for 30 min through 100 KDa membrane (Amicon Ultra-15 

UFC910024, EMD Millipore, Burlington, MA). The high molecular weight fraction of Direct 

Orange was used for analysis. 1% biomass, 0.1% dye, 1% NaCl and 50 mM potassium 

phosphate buffer (pH 7.0) solution were shaken in serum vials at 70 °C for 24 h. The samples 

were centrifuged, supernatants diluted and absorption was measured at 445 nm by a UV-Vis 

spectrophotometer (Perkin Elmer Lambda 20, Akron, OH). 

NMR Characterization  

Whole cell nuclear magnetic resonance (NMR) (2D 1H–13C HSQC) analysis of saccharification 

residues (obtained after enzymatic hydrolysis of untreated and pretreated sugarcane bagasse 

samples with excess of enzyme i.e. 50 mg protein/glucan and 120 h) was performed by using 

DMSO-d6/HMPA-d18 solvent mixture.33 In brief, untreated and pretreated samples were ball-

milled using Retsch PM 100 at 600 rpm for 2 h (5 min grinding and 5 min break). About 50 mg 

of the ball-milled sample was loaded in a 5 mm NMR tube with ~0.5 mL of NMR solvent 

(DMSO-d6/HMPA-d18 (4:1, v/v). Two-dimensional (2D) 1H–13C heteronuclear single quantum 

coherence (HSQC) NMR experiment was performed at 300 K using a Bruker Avance-III 500 

MHz spectrometer equipped with a N2 cryoprobe (BBO 1H&19F-5mm) and a Bruker pulse 

sequence (‘hsqcetgpsi2.2’). The spectra were measured with the following acquisition 

parameters: spectral width of 12 ppm in F2 (1H) with 1024 time of domain, 166 ppm in F1 (13C) 

with 256 time of domain, 128 scans, and 1.0 s delay. 

GPC analysis 

The saccharification residues obtained as described above for untreated and pretreated sugarcane 

bagasse samples were washed with excess of deionized water and freeze-dried. These samples 

were acetylated to compare their relative number average and weight average molecular weights 

by gel permeation chromatography (GPC). In brief, freeze-dried samples of saccharification 



residues of sugarcane bagasse (2 mg) was dissolved in a 1:1 (v/v) mixture of acetic 

anhydride/pyridine mixture (2 mL) and stirred at RT overnight. Anhydrous ethanol (1 mL) was 

then added, and after 30 min, the solvent was removed by rotary evaporation. The residue was 

repeatedly diluted with ethanol and evaporated under reduced pressure until all traces of acetic 

acid and pyridine were removed from the product. The residue was dissolved in minimum 

quantity of chloroform (2 mL). The derivatized product (lignin acetate) was then dissolved in 

tetrahydrofuran (0.5 mg/mL) and filtered through a 0.45-μm PTFE filter and placed in a 2 mL 

autosampler vial. The lignin molecular weight was analyzed by an Agilent GPC SECurity 1200 

system coupled with four Waters Styragel columns (HR0.5, HR2, HR4 and HR6), using a UV ( 

= 270 nm) and a RI detector. The sample injection volume was 30.0 µL and THF was used as a 

mobile phase with a flow rate of 1.0 mL/min. Data collection and analysis have been performed 

by Polymer Standards Service WinGPC Unity software (Build 6807). The molecular weight of 

the lignin samples was determined relative to the calibration curve generated with polystyrene 

standards. 

Fourier Transform Infrared (FTIR) and X-ray diffraction (XRD) analysis 

The untreated and pretreated sugarcane bagasse samples were characterized by FTIR using 

Shimadzu IR Prestige FTIR spectrophotometer equipped with a Deuterated Triglycine Sulfate 

(DTGS) detector with 25 scans per sample and peak integration34 and XRD by horizontal Rigaku 

PXRD in Panalytical, X-pert Pro diffractometer with an acceleration volt-age at 40 kW and 

current at 30 mA using the Cu Kα radiation source.35 Crystallinity indices (CrI%) of untreated 

and pretreated samples were calculated by the peak height method as described previously. 35, 36  

Scanning electron microscopy 

Samples for scanning electron microscopy (SEM) were mounted onto stubs with carbon tape and 

sputter-coated with gold. SEM was then carried out on Zeiss Auriga at an accelerating voltage of 

5 kV with back scatter detector at 100 to 50,000 times magnification. Raw images were adjusted 

for brightness and contrast in ImageJ software.37, 38  Images were merged using Adobe 

Photoshop CC v. 2017. 

Cellulase compatibility in IL and DES 

The cellulase activity of enzyme (Accellerase 1500) was evaluated by incubating it with different 

concentrations (0, 1, 3, 5, 10, 15 and 20% v/v) of DES (ChCl:LA) and ionic liquid 

([C4C1Im][OAc])) in sodium citrate buffer (50 mM, pH 5.0) with sodium azide antibiotic at 

30°C for 48 h, as described previously.21 Aliquots were taken at 24 and 48 h and residual 

cellulase activity was determined as filter paper units by standard NREL protocol.39  

 

RESULTS AND DISCUSSION 

Preparation of DESs 



In this study, ten DESs which have been reported earlier to perform efficient biomass 

deconstruction; were prepared by mixing together choline chloride and/or betaine (as HBAs) and 

ethylene glycol, lactic acid, glycerol, urea or imidazole (as HBDs) in fixed molar ratios (Table 

S1).14, 16, 21, 40-45 With the exception of betaine:urea and betaine:imidazole systems, all other 

combinations formed liquid DESs at 80 °C within 1-2 h and were used for pretreatment of 

sugarcane bagasse. Betaine is the oxidized form of choline and a poor HBA than choline. On the 

other hand, both imidazole and urea contain more basic amine functionality as opposed to the 

less basic alcoholic groups in glycerol, ethylene glycol and lactic acid which are weak HBDs. 

Thus, as anticipated the combination of both poorer HBA and HBD did not yield the targeted 

DESs at 80 °C within 2 h. The DES formation in these two cases could well be influenced by the 

molecular contact distances between the constituents and their binding energies.25, 46 The 

structure of HBAs and HBDs are depicted in Fig. S1.  

Pretreatment and composition analysis  

Sugarcane bagasse was pretreated with dilute alkali and 1-butyl-3-methylimidazolium acetate for 

2, 6 and 12 h at 80 °C to assess the degree of delignification. In both the cases delignification 

increased linearly with pretreatment time and exhibited a maximum yields of 59.7%±1.6 and 

42.4%±1.7 with dilute alkali (1%) and 1-butyl-3-methylimidazolium acetate, respectively after 

12 h (Table S2). The untreated bagasse contained 25.9% total lignin which was reduced to 

13.4% after 12 h with dilute alkali and 17.8% with 1-butyl-3-methylimidazolium acetate, 

respectively (Table 1). A recent report suggested that 69.6% lignin was removed with 2% 

sodium hydroxide water solution at 80 °C for 2 h and only 9.7% lignin remained in solids after 

pretreatment.47 Similarly, 20.1% of lignin was removed from a bagasse sample (initial lignin 

content was 31.9%) by employing 1-butyl-3-methylimidazolium acetate at 110°C for 0.5 h.44 

Seven different DESs including choline chloride:ethylene glycol, betaine:ethylene glycol, 

choline chloride:lactic acid, betaine:lactic acid, choline chloride:glycerol, choline chloride:urea, 

choline chloride:imidazole were evaluated for their delignification potential with bagasse after 2, 

6 and 12 h pretreatment times. However, significant lignin removal was observed only after 12 h 

(Table 1 and Table S2). Among all DESs, maximum lignin removal of 50.6±3.3% was obtained 

with choline chloride:lactic acid (1:5) followed by 29.9±0.2% with choline chloride:imidazole 

(3:7) and 21.4±0.2% choline chloride:glycerol (1:2), respectively (Table S2). Low 

delignification of sugarcane bagasse was observed with choline chloride:urea (1:2), choline 

chloride:ethylene glycol (1:2) and betaine:ethylene glycol (1:2). Previously, 60% and 77.9% 

lignin removal has been reported with choline chloride:lactic acid (1:5) pretreatment  of rice 

straw and corncob.21, 43 Others have also reported about 70% delignification of corncob with 

choline chloride:imidazole (1:2) and choline chloride:glycerol (1:1) at high severity 

pretreatments (i.e. temperature above 110°C and residence time over 24 h) although, substantial 

sugar losses were observed.16 In general, it is believed that DESs with highest delignification 

ability results into maximum glucan conversion during saccharification.48 Thus, choline 

chloride:lactic acid was selected for further investigation. 



Although, only 10.4%±1.9 lignin was removed by dilute acid pretreatment but it hydrolyzed and 

removed almost all of the hemicellulose (98.0%±4.2) present in the biomass (Table S2). A 

previous study reported that a dilute sulfuric acid (1% v/v) pretreatment of sugarcane bagasse for 

40 min at 120°C resulted in 80% hemicellulose and 15% lignin removal.49 The substantial 

enrichment of glucan and lignin content from 43.0% and 25.9% in untreated to 60.6% and 

33.1%, respectively after dilute acid pretreatment for our study is consistent with literature 

values  (Table S3).49 

The dilute alkali pretreatment removed 46.6%±0.9 of hemicelluloses while, 1-butyl-3-

methylimidazolium acetate and choline chloride:lactic acid removed comparable amounts of 

hemicellulose i.e. 61.0%±3.3 and 63.0%±4.3, respectively after 12h (Table S2). In comparison 

to these results, 21.9% and 40.2% hemicellulose removal from sugarcane bagasse was reported 

with 2% sodium hydroxide solution and 1-butyl-3-methylimidazolium acetate, respectively.44, 47 

In the case of 1-butyl-3-methylimidazolium acetate and choline chloride:lactic acid based 

pretreatments the increase in glucan content was 50.2% and 58.1%, respectively after 12h due to 

simultaneous removal of hemicelluloses and lignin. 

Enzymatic hydrolysis 

The enzymatic hydrolysis rates of pretreated sugarcane bagasse samples were compared at low 

enzyme dosage (10 mg protein/g glucan) whereas; the high enzyme dosage (50 mg protein/g 

glucan) was helpful in assessing the recalcitrance of the samples. Since, the above results showed 

that highest delignification was observed with choline chloride:lactic acid therefore; this has 

been compared with other conventional pretreatment approaches. 

As depicted in Fig 1, quick saccharification of 1-butyl-3-methylimidazolium acetate pretreated 

bagasse was observed within initial 4 hours of hydrolysis at low enzyme dosage. This was 

closely followed by choline chloride:lactic acid and dilute alkali pretreated samples whereas; 

sluggish rate of hydrolysis was observed with dilute acid pretreatment. Furthermore, the 1-butyl-

3-methylimidazolium acetate and choline chloride:lactic acid pretreated samples were least 

recalcitrant in nature and almost completely hydrolyzed at high enzyme dosage while; dilute acid 

and dilute alkali samples were still recalcitrant and could not be hydrolyzed completely with 

excess of enzyme and time duration. The glucan and xylan yields observed in this study were 

tabulated as Table S4-S7. Similar yields were reported earlier which might be referred for 

further details.43, 44, 47, 50  

Cellulose accessibility 

Adsorption of high molecular weight orange dye used in modified Simons’ staining is a useful 

method that is capable of  discriminating pretreated solids for their cellulose accessibility.51 As 

shown in Fig. 2 Dye adsorption had the following trend: untreated << dilute acid < dilute alkali 

<< IL < DES. On the other hand, enzymatic hydrolysis at both low and high enzyme loading had 

the following trend: untreated << dilute acid < dilute alkali << DES < IL. Linear regression 



between dye adsorption and enzymatic hydrolysis yield had an R2 around 0.72 (graph not 

shown). High glucan and xylan yields from solids pretreated in DES or IL was likely due to more 

cellulose binding sites due to high lignin and hemicellulose removal by these two solvents.52 

Higher sugar yield from IL than DES pretreated solids despite comparable cellulose accessibility 

can be explained by the large drop in crystallinity index of biomass with 1-butyl-3-

methylimidazolium acetate IL pretreatment (from 68% to 48%) compared to slight increase in 

CrI% with ChCl:LA DES pretreatment (from 68% to 72%).  

Fourier Transform Infrared (FTIR) and X-ray diffraction (XRD) analysis 

The FTIR analysis of untreated and pretreated sugarcane bagasse samples is depicted in Fig. S2. 

It clearly showed the presence of hemicellulose peaks at 1730-1735 cm−1 (assigned to carbonyl 

group) in untreated and choline chloride:lactic acid pretreated sugarcane bagasse. The intensity 

of these peaks was diminished in 1-butyl-3-methylimidazolium acetate and dilute alkali 

pretreatments and substantially diminished in dilute acid pretreated sugarcane bagasse. The 

peaks at 1515-1517 cm−1 and 1315-1313 cm−1 have been reported as characteristic of lignin for 

guaiacyl and syringyl units, respectively.53 These peaks were eliminated after dilute alkali, 

choline chloride:lactic acid and 1-butyl-3-methylimidazolium acetate indicating the 

delignification of bagasse while the presence of sharp peaks at these wavelengths indicated 

lignin enrichment after dilute acid pretreatment.  

The XRD analysis of sugarcane bagasse samples indicated that the crystallinity indices (CrI%) of 

untreated biomass, and biomass pretreated in dilute alkali, dilute acid, 1-butyl-3-

methylimidazolium acetate and cholinechloride : lactic acid were 68%, 75%, 75%, 48% and 

72%, respectively. This apparent increase in CrI% of pretreated samples was predominantly due 

to the removal of amorphous components such as hemicellulose and lignin and the subsequent 

enrichment of crystalline cellulose. In contrast to other pretreatments the CrI% of 1-butyl-3-

methylimidazolium acetate (12 h) pretreated bagasse was substantially reduced to 48%. As 

depicted in supplementary Fig. S3, the XRD profiles of untreated bagasse is similar to choline 

chloride:lactic acid, dilute acid, and dilute alkali solids, indicating only cellulose type I structure 

while; a part of crystalline cellulose was transformed to amorphous cellulose II during 1-butyl-3-

methylimidazolium acetate pretreatment. In a similar study, it has been shown that CrI% of 

wheat straw was decreased from 62.1% to 36.4% after pretreatment with 1-ethyl-3-

methylimidazolium acetate at 100°C for 5h.35  

NMR characterization 

The change in the chemical structures of the lignin after saccharification of untreated and 

pretreated sugarcane bagasse was examined by 2D 1H–13C HSQC NMR analysis and compared 

for different subunits and interunit linkages. The cross-peaks of the 1H–13C HSQC spectra have 

been assigned following the literature reports.54 55, 56 Table 2 and Fig. S4 show the aromatic 

regions of the HSQC NMR spectra including lignin subunits and hydroxycinnamates. The 

quantification of each compositional unit was measured with the volume integration of peaks of 



S2/6, G2, H2/6, FA2, and pCA2/6 observed at δC/δH 103.9/6.71 ppm, δC/δH 111.0/6.95 ppm, δC/δH 

128.0/7.21 ppm, δC/δH 110.9/7.32 ppm, and δC/δH 129.8/7.45 ppm, respectively, in the aromatic 

regions.  

Upon close inspection, it was found that all pretreated sugarcane bagasse samples have higher 

S/G ratio than that of untreated sample, which usually indicates selective removal of G lignin. 

Dilute acid pretreatment significantly removes the hydroxycinnamates i.e. FA and pCA. 

Interestingly, DES (choline chloride:lactic acid) pretreatment also removed G lignin to almost 

similar extent to that of dilute acid and alkali pretreatments. The observed S/G ratio for DES-

treated sample lies in between dilute acid- and alkali-treated ones. Ionic liquid-treated sugarcane 

bagasse sample, on the other hand, yields a much lower S/G ratio than the listed other three 

pretreatments.  

In addition to lignin subunits, the contents of three major lignin inter-unit linkages (β–aryl ether, 

phenylcoumaran, and resinols, were also estimated by measuring the correlation of α position of 

β–aryl ether (β–O-4), phenylcoumaran (β–5), and resinols (β–β), respectively. Dilute acid and 

dilute alkali pretreatments significantly removed lignin interunit linkages indicating harshness of 

these traditional pretreatments. Ionic liquid (1-butyl-3-methylimidazolium acetate)-pretreated 

lignins, however, have similar amount of β–O-4 content to that of DES-treated ones.  

An increase in β–5 content, upon treatment of sugarcane bagasse lignin with 1-butyl-3-

methylimidazolium acetate, was also observed in one of the previous studies.57 The DES-treated 

lignin (DESL), however, showed a slight decrease in the β–O-4 content while an increase in β–5 

unit was observed. Interestingly, no condensation structures were detected. Our observation of 

considerable amount of β–O-4 in DESL (pretreatment performed at 80 °C) as opposed to no β–

O-4 in DESL reported in a previous study, where the most efficient delignification was observed 

at 145 °C, is quite interesting and underscores the importance of reaction parameters on the 

structure of lignin subunits.48 Nevertheless, DES pretreatment is still helpful in reducing weight 

average molecular weight of the lignin and has a narrower mass distribution as will be discussed 

in the next section. 

GPC analysis 

The saccharification residues of untreated and pretreated sugarcane bagasse were washed and 

acetylated, with a mixture of acetic anhydride and pyridine (experimental section). The 

acetylated lignin samples were analyzed using GPC to determine the effects of the pretreatments 

on the lignin structure. The molecular weights after different pretreatments of sugarcane bagasse 

have been described in Table S8. The lignin from untreated sugarcane bagasse showed a weight-

average of molecular weight (Mw) of 1825 g/mol. However, different pretreatment methods alter 

the Mw of lignin in different ways. While the dilute acid pretreatment slightly increased Mw, 1-

butyl-3-methylimidazolium acetate showed a minor decrease (1613 g/mol). However, a clear 

reduction in weight-average molecular weight of lignin has been observed in both dilute alkali 

(Mw = 652 g/mol) and choline chloride:lactic acid pretreated (Mw = 695 g/mol) samples. 



Dilute alkali pretreatment is a well-known delignification process and helps in lignin 

fragmentation yielding a narrowly distributed Mw structure. Dilute acid pretreatment also 

facilitates acid-assisted cleavage of ether linkage of lignin subunits (β-O-4). However, 

subsequent repolymerization process can lead to recombination of some of the lignin subunits 

increasing the overall Mw.58 The depolymerization and repolymerization process associated with 

dilute acid treatment led to an increase in the polydispersity of the lignin. An interesting Mw 

observation in this study, was the results obtained with the pretreatment of bagasse with choline 

chloride:lactic acid in a 1:5 ratio and how it does compare with the 1-butyl-3-methylimidazolium 

acetate and other traditional pretreatment methods. The choline chloride:lactic acid-pretreated 

sample yielded a lignin sample having a Mw comparable with that of alkaline-treated sample and 

is suggestive of DES-meditated lignin fractionation. This study points out the effectiveness of 

DES in terms of forming low-molecular-weight-lignin, without harsh reaction conditions. 

Another interesting property of DES-treated lignin (DESL) is its lower polydispersity index, D 

(1.6), comparable to that of alkaline pretreatment (1.4). The observation of lower and narrowly-

distributed molecular weight DESL makes it more attractive for lignin valorization and suggests 

that DES a useful pretreatment solvent. 1-Butyl-3-methylimidazolium acetate, on the other hand, 

showed a slight reduction in Mw of pretreated lignin. Such a reduction of Mw was also observed 

in the case of Kraft lignin when treated with various ionic liquids and most notably with 1-ethyl-

3-methylimidazolium acetate.59 

Scanning electron microscopy 

Dilute acid did not significantly alter morphology of sugarcane bagasse particles (Fig. S5) 

despite 98% xylan removal and 10% lignin removal. On the other hand, 60% lignin removal and 

47% xylan removal from dilute alkali pretreatment extensively delaminated bagasse microfibers 

as well as greatly modified surface seen in the low micrometer range. This shows that lignin 

removal causes major changes to morphology of sugarcane bagasse. At lower magnification, 

while dilute alkali and DES pretreated solids had structural remnants of untreated bagasse, 

([C4C1Im][OAc]) IL solids had entirely morphed structure due to lowering of cellulose 

crystallinity and not just high lignin removal like the former two chemicals. SEM images of IL 

and DES pretreated solids at higher magnification (50,000X) have valuable information as IL 

caused several concave indentations on the surface, compared to appearance of amorphous-like 

precipitates on the surface of DES pretreated bagasse. As per our knowledge, these first high 

magnification images that show precipitates on surface of DES pretreated biomass have not been 

reported before. Additional images supporting this evidence are in Fig. S6. A noteworthy finding 

from imaging is that ChCl:LA DES preserved the macro shape of the fibers but greatly modified 

the microfiber surface compared to [C4C1Im][OAc] IL that greatly distorted both macro shape 

and microfiber surface while causing only 5-6 absolute% lower sugar yield at 10 or 50 mg per 

gram glucan enzyme loading. However, this type of morphological change differs from a study43 

on corncobs pretreated by the same ChCl:LA (1:5) DES where SEM images taken at 3000X and 

5000X show fiber transformation similar to dilute alkali type delamination seen in our work.  



Cellulase activity in [C4C1Im][OAc])  and DES 

Above-stated results showed that choline chloride:lactic acid substantially improved enzymatic 

hydrolysis of sugarcane bagasse. It could be recovered and recycled easily. Other DESs have 

also been reported as environmentally benign and compatible with cellulases unlike most of the 

ionic liquids which are inhibitory to enzymes.42 Although, recently a single pot process have 

been developed for biofuels production using biocompatible ionic liquids.60, 61 In fact, cholinium 

based DESs have been reported as enzyme activators and stabilizers for lipases.62 Thus the effect 

of choline chloride:lactic acid and 1-butyl-3-methylimidazolium acetate on cellulases was 

evaluated in Fig. 3. This data showed that with doses up to 5% of DES in the cellulase 

experiments only a 10% reduction in enzyme residual activity was observed for the first 24 h in 

comparison of 30% reduction with 1-butyl-3-methylimidazolium acetate. However, more than 

50% reduction in enzyme activity was observed with 15% of DES for 24 h. The enzyme activity 

was further worsened with time and much low residual activities were observed at 48 h. At all 

solvent concentrations and time points, IL was substantially greater in inactivating cellulase and 

negligible activity was observed after 48 h with > 15% IL concentrations. In a similar study, 

cellulase from Aspergillus sp. was incubated with choline chloride based DES with HBD 

(glycerol, ethylene glycol and malonic acid) for 48 h.63  It showed that 60% reduction in activity 

was observed within 24 h in the presence of 5% DES concentration containing malonic acid 

while; 15% to 20% reduction in cellulase activity was observed even at the high concentration 

(30%) of DES with glycerol or ethylene glycol after 48 h. 63 

DES recycling 

Apart from pretreatment efficacy, the recovery and reuse of chemicals, solvents and water is 

essential for the commercial viability of the biomass-based biorefinery.64 Procentese, Raganati, 

Olivieri, Russo, Rehmann and Marzocchella 18 observed that one of the major issues with DES is 

the excessive water requirements to get rid of DES after pretreatment because its traces might 

inhibit enzymes and lead to low sugar yields. However, water requirement could be reduced to 

half without compromising the yields by critically optimizing its requirement with different agro-

industrial food wastes.18  

In this study, both the residual water and DES (choline chloride:lactic acid) were recycled and 

reused multiple times and delignification efficiency was determined. A process flow diagram is 

shown in Fig. S7. About 88% of the DES was recovered from the water-DES mixture obtained 

after the first cycle of sugarcane bagasse pretreatment, hot water washing followed by lignin 

removal by overnight precipitation and centrifugation as discussed previously.21 The recovered 

DES was reused for the next two cycles of pretreatment and 79% and 69% DES recovery was 

observed for second and third cycles, respectively. The sugarcane bagasse delignification 

efficiency was reduced marginally during each cycle which might be due to the augmentation of 

impurities after every DES recycling procedure. These impurities might include extractives, 

acids and phenolics generated during pretreatment. In a similar study, membrane ultrafiltration 



was used as an alternative to centrifugation to recover ~95% of DES during each recycle with 

slight reduction in DES efficiency.25 Hence, this study showed that, DES recycling and reuse is 

possible via simple and commercially feasible techniques. Nevertheless, more in-depth 

investigation needs to be carried out to improve the DES recovery. Different approaches suitable 

for DESs recycling and reuse has been recently published by  which might be referred for further 

details.    

CONCLUSIONS 

Ten different DESs were evaluated in this study for sugarcane bagasse pretreatment along with 

other conventional pretreatment approaches viz. dilute alkali, dilute acid and ionic liquid. 

Interestingly, it showed that both DES (choline chloride:lactic acid) and IL based pretreatments 

were better as compared to the dilute alkali and acid pretreatments for cellulose accessibility and 

fermentable sugar yields. Another interesting finding of this study was the unique structural 

properties of choline chloride:lactic acid derived lignin such as low Mw and polydispersity index 

which has an immense potential for further lignin valorization research. Higher biocompatibility 

between DES and cellulases in comparison of IL showed that DESs are more suitable for 

developing the cost-effective single pot biomass processing technologies. Finally, DES recycling 

was demonstrated via simple centrifugation and precipitation techniques without substantial 

reduction in the efficiency. This work provides important mechanistic insights to understand the 

DESs application in the conversion of lignocellulosic biomass in green and sustainable way.   
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Table captions 

Table 1. Compositional analysis of pretreated sugarcane bagasse after different pretreatments. 

Table 2. Quantitative NMR information of the fractionated lignins by different pretreatments 

  



Table 1.  

Pretreatment Time 

/h 

Glucan 

(%) 

Xylan 

(%) 

Arabinan 

(%) 

Ash 

(%) 

Acid 

soluble 

lignin 

(%) 

Acid 

insoluble 

lignin (%) 

Total 

Lignin 

(%) 

Solid 

Recovery 

(%) 

Untreated N/A 43.0±0.9 24.8±0.3 2.0±0.1 4.3±0.1 1.6±0.3 24.3±1.3 
25.9 

N/A 

Dilute alkali 2 44.8±2.9 23.3±0.8 1.7±0.3 3.4±0.0 0.7±0.0 21.9±0.9 22.6 95.3±3.9 

Dilute alkali 6 46.8±1.3 19.5±1.4 0.8±0.0 1.9±0.8 0.3±0.1 17.3±0.9 17.6 91.2±1.9 

Dilute alkali 12 51.9±2.2 16.9±0.2 0.0±0.0 0.9±0.0 0.1±0.0 13.3±0.3 13.4 78.2±2.3 

Dilute acid 0.5 60.6±0.7 0.7±0.1 0.0±0.0 5.5±0.2 1.8±0.4 31.3±2.9 33.1 70.1±2.8 

1-butyl-3-

methylimidazolium 

acetate 

2 43.3±1.7 24.9±0.7 1.1±0.1 4.4±0.5 1.0±0.0 22.8±1.3 

23.8 

99.1±3.3 

1-butyl-3-

methylimidazolium 

acetate 

6 47.6±0.9 18.8±0.2 0.9±0.1 5.6±0.8 1.2±0.0 20.9±2.4 

22.1 

87.4±2.2 

1-butyl-3-

methylimidazolium 

acetate 

12 50.2±2.3 12.2±0.4 0.3±0.0 6.8±0.6 1.0±0.3 17.8±0.4 

18.8 

79.3±3.5 

Choline chloride : 

Ethylene glycol 

12 45.8±1.1 19.6±0.4 1.4±0.1 4.8±0.7 1.0±0.1 22.9±1.7 

23.9 

93.6±1.8 

Choline chloride 

:Lactic acid 

12 58.1±0.8 13.3±0.3 1.0±0.0 7.2±1.1 0.5±0.0 18.1±1.1 

18.6 

68.8±1.1 

Choline chloride : 

Glycerol 

12 47.7±0.2 19.5±1.5 1.6±0.2 5.7±0.2 1.6±0.4 21.7±2.0 

23.3 

87.6±2.7 

Choline chloride 

:Urea 

12 44.8±1.6 20.2±2.2 1.7±0.2 5.6±0.4 1.3±0.1 23.8±1.8 

25.1 

95.0±1.3 

Choline chloride 

:Imidazole 

12 45.4±0.4 19.6±0.7 1.7±0.4 6.8±1.2 1.4±0.0 21.8±2.2 

23.2 

78.3±2.2 

Betaine: Ethylene 

glycol 

12 44.6±2.4 21.7±2.6 1.7±0.3 5.4±0.4 1.4±0.1 22.1±2.0 

23.5 

96.3±2.2 

Betaine: Lactic 

acid 

12 44.9±3.0 22.0±0.2 1.3±0.1 5.0±0.1 0.9±0.1 22.1±2.3 

23.0 

89.1±0.6 

N/A: not applicable 

 

  



Table 2.  

 
Composition Untreated Dilute 

alkali 

Dilute 

acid 

1-Butyl-3-

methylimidazolium 

acetate 

Choline 

chloride : 

lactic acid 

Lignin subunit 

S 36 75 52 56 68 

G 39 25 25 44 29 

H 25 0 23 0 3 

S/G 0.91 2.94 2.13 1.25 2.31 

Hydroxycinnamates 

FA 21 0 6 28 11 

pCA 60 0 37 62 80 

Lignin Interunit Linkages 

β-O-4 36 0 10 39 33 

β-5 2 0 1 4 4 

β-β 1 0 0 1 1 

Note. Content (%) expressed as a fraction of S + G + H 

 

 

 

 

  



Figure captions 

Fig. 1.  Glucan (Fig. 1a and 1b) and xylose (Fig. 1c and 1d) at low (10 mg protein/g glucan) and 

high enzyme dosage (50 mg protein/g glucan), respectively 

Fig. 2. Dye adsorption in modified Simons' staining of untreated and pretreated sugarcane 

bagasse  

Fig. 3.  Residual cellulase activity of enzyme (Accellerase 1500) with different concentrations of 

ionic liquid (1-butyl-3-methylimidazolium acetate or BmimAc) and deep eutectic solvent 

(choline chloride :lactic acid or ChCl :LA) after 24 h (a) and 48 h (b). 
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Fig. 2. 
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Fig. 3.   
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