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Abstract: 

The generation of condensed compounds in a DES pretreatment has become a paramount 

factor that inhibits the further conversion of pretreated cellulose-rich substrate. This study 

proposed a novel three-constituent DES system for the value-added utilization of poplar residues 

by efficiently suppressing hemicellulose/lignin condensation reactions. The results showed that 

adding ethanol into the DES system could effectively deconstruct the recalcitrant structure of 



poplar residues, simultaneously hindering the condensed composition formation. Under optimum 

conditions, the maximum xylan and lignin removal of 87.94% and 90.99% could be achieved, 

with more than 90.47% of glucan being preserved. With this, the glucan enzymatic hydrolysis 

efficiency was remarkably improved to ~100%, which was 84.69 times higher than the regular 

DES-pretreated poplar residues. The working mechanism of relieving condensation reactions 

was characterized by Py-GC-MS, NMR, SEM, FTIR, and others. The results demonstrated that 

the addition of ethanol could regulate the degradation/conversion pathway of lignin and 

hemicellulose and, thus, inhibit the formation of condensed compounds during the pretreatment.

Keywords: deep eutectic solvent, poplar residues, enzymatic hydrolysis, pseudo lignin, 

condensed lignin

1 Introduction

The excessive consumption of petrochemical resources has caused increasing energy 

shortage problems and environmental deterioration. Lignocellulosic biomass is nature's most 

abundant renewable resource and is deemed a desired substitute for petroleum-based chemicals 

and materials. However, the recalcitrant nature of lignocellulose, including the heterogeneity of 

the physical and chemical properties and the complexity of the cell wall structure, hinders the 

sequential conversion processes [1,2]. A wide range of physical, chemical, and biological 

pretreatment methods were developed for biomass fractionation in previous studies. Nevertheless, 

many of these pretreatments have certain disadvantages which restrict their further development 

[3]. 

In recent years, deep eutectic solvents (DESs) have been considered an ideal solvent for 

biomass refineries due to their selective lignin/hemicellulose dissolution, and excellent cellulose 

preservation, as well as the advantages of easy preparation, low cost, biological compatibility, 



structure design, and recyclability [4]. Among various DESs, the application of acidic DES 

(ADES) is a hot spot in current research. For example, Bai et al. used a lactic acid/ZnCl2 system 

with both Brønsted and Lewis acid sites to extract lignin from poplar sawdust, and 95.2% of the 

lignin could be isolated [5]. In another study, a high enzymatic saccharification yield (94.6%) of 

corncob was attained using an ethylene glycol/oxalic acid system [6]. Hence, ADES can 

effectively lead to the separation of lignin and thus increase the processibility of residual 

cellulose. However, it was also reported that the hemicellulose is easily over-degraded to form 

condensed products in these pretreatments, which is currently a common issue in ADES. Morais 

et al. found that in the choline chloride/lactate ADES system, large quantities of pseudo lignin 

were produced from hemicellulose when the reaction time exceeded 4 h [7]. Similar results were 

proposed by Wang et al., in which 23.9% of xylan was transformed into pseudo lignin in the 

choline chloride/p-hydroxybenzoic acid pretreatment [8], which may inhibit the following 

enzymatic hydrolysis stage [9]. Therefore, the degradation and loss of hemicellulose during 

ADES pretreatment should be considered as much as lignin and cellulose for the overall 

economic profit of ADES pretreatment [10]. 

It was reported that introducing a third component into the conventional binary ADES 

system could effectively alter the solvent properties, promote the mass transfer of ADES systems, 

and reduce the occurrence of side reactions during pretreatment. In a study by Kumar et al., a 

small amount of deionized water (5%, v/v) was added to the choline chloride/lactic acid system, 

which reduced the viscosity, density, and conductivity of the solvent, enhanced the solubility of 

lignin and significantly promoted the lignin removal rate [11]. Kandanelli et al. introduced 

alcohols (i.e., n-butanol, n-propanol, and ethyl acetate) into the choline chloride/oxalic acid 

system, which increased the lignin removal rate by ~50% [12]. In addition, the introduction of 



diols (ethylene glycol, 1,3-propylene glycol, 1,4-butanediol, or 1,5-pentanediol) into the ADES 

system regulated the acidity of the solvent. It also protects the side chain of lignin by α-

etherification, which can block the condensation of lignin and inhibit unwanted lignin-enzyme 

absorption, thus facilitating the saccharification of cellulose [13]. Nevertheless, few research 

efforts have been directed at regulating the formation of pseudo lignin (a byproduct of 

hemicellulose) during ADES pretreatment. 

An ADES system consisting of p-toluene sulfonic acid (p-TsOH) and choline chloride 

(ChCl) was applied for the fractionation of poplar residues and Miscanthus in our previous study 

[14]. The results demonstrated that many condensation compounds were precipitated on the solid 

surface of the pretreated material, which significantly hindered enzymatic saccharification. In 

order to alleviate the negative effect of pseudo-lignin, ethanol was introduced into the ADES 

system (E-DES) and used for the pretreatment of poplar residues in this study. To the best of our 

knowledge, this is the first demonstration to prevent the repolymerization of hemicellulose 

degradation products and effectively inhibit the formation of pseudo lignin during ADES 

pretreatment. The fundamental chemistry of E-DES was explored by determining chemical 

components, changes in biomass morphology, crystallization index, and chemical structures 

were investigated. In addition, the properties of DESs were studied through the Kamlet-Taft 

solvatochromic method. This E-DES system provides a new strategy for regulating 

hemicellulose degradation during ADES pretreatment under mild conditions and promotes the 

value-added utilization of cellulose. 

2 Experimental Methods

2.1 Materials



Poplar residues (PL) were collected from Jiangsu Province, China, and air-dried to a 

constant moisture (4.23%). Cellic CTec2 (248 FPU/g) and probe solvents of Nile red (NR), N, 

N-diethyl-4-nitroaniline (NEt2), and 4-nitroaniline (NH2) were purchased from Sigma-Aldrich 

(Shanghai, China). Choline chloride (ChCl, ≥98%), p-toluene sulfonic acid monohydrate (p-

TsOH·H2O, ≥99.0%), and ethanol (E, ≥99.7%) were purchased from Macklin Reagent Co. Ltd.  

2.2 DES preparation and pretreatment

The ADES system consisted of ChCl and p-TsOH in a molar ratio of 1:2, which were mixed 

at 80 ℃ until a transparent and homogeneous liquid was obtained. Ethanol was then loaded into 

the ADES at ratios of 10%, 20%, and 30% (w/w). The pretreatment was carried out at different 

temperatures (60 ~100 ℃) and reaction times (15~180 min) at 10% solids loading (10 g poplar 

residues in 100 g solvent) using a three-neck flask. After pretreatment, 100 ml of ethanol was 

added to quench the reaction, and then the solid fraction was separated by vacuum filtration. The 

solid residues were washed with DI water until the residue was pH neutral and then stored at 4 

℃ before analysis. 

2.3 Enzymatic hydrolysis

The enzymatic hydrolysis of pretreated samples was conducted in 100 mL flasks with 5%, 

10%, and 15% solid loading, respectively. Then cellulase (15 FPU/g cellulose) and xylanase 

(300 U/g xylan) were introduced in 50 mM citrate buffer, followed by 0.1 g/L tetracycline 

solution and Tween 80 [15]. The flasks were warmed to 50 ℃ and shaken at 150 rpm for 96 h. 

During enzymatic hydrolysis, 1 mL of hydrolysate was sampled at 0 h, 24 h, 48 h, 72 h, and 96 h, 

respectively, for the monomeric sugars analysis by HPLC. 

2.4 Characterization methods



The chemical composition was analyzed by a two-step acid hydrolysis method using the  

National Renewable Energy Laboratory (NREL) standard protocol [16]. 

The morphological variation of the original and pretreated samples was examined by FE-

SEM (field emission scanning electron microscope, Hitachi, Regulus 8100). An Ultima IV 

diffractometer (Rigaku Corp., Tokyo, Japan) was applied to characterize the cellulose crystalline 

structure of the original and pretreated samples (with or without ethanol addition) with radiation 

at 40 kV and 30 mA within scanning 2θ range of 10°-40°, on a Nicolet Antaris FTIR-ATR 

apparatus. The chemical structure of the samples were scanned in the wavenumber range of 

4000-400 cm−1 at a resolution of 4 cm−1 [17]. Using an X-ray photoelectron spectrometer (XPS, 

AXIS UltraDLD, Shimadzu, Japan), the surface atomic composition difference of the raw PL, 

T100t60, and E-T100t60 samples was explored [18]. 

Py-GC-MS analysis was performed on the TRACE1310 (Thermo Fisher Technology, Co., 

LTD) equipped with an ISQLT Thermo mass spectrometer. Before the test, pretreated residues 

were incubated in 1,4-dioxane/water (96%, v/v) solution for 72 h, then centrifuged at 10000 rpm 

for 5 min. The supernatant was rotary evaporated and washed with DI water to remove 1,4-

dioxane. The condensed compounds were then collected by freeze-drying for the test. AP-

INNOWAX capillary column (30 m×0.25 mm, 0.25 μm, Agilent19091N-133) was employed to 

separate the analytes. The inlet temperature was 250 ℃, and the split ratio was 20:1. The oven 

temperature was held at 60 ℃ for 5 min and then increased to 270 ℃ at a rate of 30 ℃/min for 5 

min. The electron ionization ion source was maintained at 230 ℃ with 70 eV. The mass spectra 

were collected in a mass range of m/z 45-550. The solvent delay time was 30 s [19,20]. 

According to a previous study, a 2D-HSQC NMR experiment was acquired with a Bruker 

Avance 600 MHz spectrometer [21]. As for NMR analysis, 40 mg of samples were dissolved in 



500 μL DMSO‑d6. The analysis procedure was accomplished following previous literature 

[22,23].

For solvent property analysis, Nile red (NR), 4-nitroaniline (NH2), and N, N-diethyl-4-

nitroaniline (NEt2) were used as solvatochromic probes to determine the hydrogen bonding 

acidity (α), hydrogen bonding basicity (β), and dipolarity/polarizability (π*) of DESs. Each of 

the dyes was first dissolved in methanol with a concentration of 1.0×10-3 mol/L. 5 ml of each 

dye was transferred into a centrifuge tube and evaporated by vacuum drying at 40 °C for 2 days. 

Then, 3 ml of each DES was added to the dried dye and thoroughly mixed with a vortex mixer. 

After which, each sample was transferred into a 10 mm width of quartz cells. The absorption 

spectra of each sample were acquired using a UV-3600 UV-vis spectrophotometer (Shimadzu 

Co., Japan) in the wavelength range of 300 to 700 nm. The values of ENR, α, β, and π* were 

calculated using the following equations [24]:

  (1)

   (2)

  (3)

  (4)

Where π* is normalized to give cyclohexane and DMSO [25], λmax is the wavelength 

corresponding to the maximum absorption of the dye, and ν =1/(λmax×10-4).

3. Results and discussion

3.1 Chemical composition analysis

Initially, the pretreatment of PL at 100 ℃ for 60 min (T100t60) using regular ChCl/p-TsOH 

(without ethanol addition) was conducted. The untreated PL consists of 42.44% cellulose, 



16.30% xylan, and 22.76% lignin. It was found that the lignin content of T100t60 (without 

ethanol addition) significantly increased to 40.80%, clearly different from other DESs, which 

normally exhibited a reduced lignin content after pretreatment. At the same time, the xylan 

content decreased to 1.08%, with a removal yield of 94.86%. It can be concluded that the 

ChCl/p-TsOH can promote the degradation of PL hemicellulose. Further, the dehydration and 

aldol condensation of the released sugars in the  ChCl/p-TsOH led to the formation of pseudo 

lignin, increasing the acid-insoluble lignin content [9]. 

Fig. 1 Chemical composition and lignin removal yield of pretreated PL under different 

conditions.

Ethanol was introduced to constitute an E-DES system to alleviate the condensation 

reactions. The pretreatment of PL using the E-DES system was carried out at different 

temperatures (60, 80, 90, and 100℃) and times (15, 30, 60, and 180 min) with 30 wt% ethanol 

addition. According to Fig. 1, the xylan and lignin content decreased significantly with the 

pretreatment temperature rising, while the cellulose content gradually increased. Compared with 



T100t60, the lignin and xylan removal improved to 48.53% and 57.71% even at 60 ℃ (E-

T60t180), showing the advance of our E-DES system in cell wall dissociation, which inhibited 

the formation of condensed products. With the increase of reaction temperature from 80 ℃ to 

100 ℃ at 30 min, the cellulose content increased significantly from 55.64% to 83.04% and 

85.52%, while the xylan/lignin content decreased from 10.71%/19.76% to 7.88%/5.57% and 

6.31%/4.51%, achieving a removal of 49.63%/33.42%, 73.54%/86.61 and 81.28%/90.42%. 

Therefore, increasing temperature contributed to the depolymerization of the dense cell wall 

structures and degraded most of the xylan and lignin. When the reaction time was prolonged to 

60 min, the separation rate of xylan and lignin reached the maximum of 87.94% (E-T100t60) and 

90.99% (E-T90t60). Further, a slight decrease in lignin removal of E-T100t60 (83.34%) was 

observed, which could be ascribed to some redeposited lignin onto the biomass surface. In 

addition, the cellulose recovery yield of all E-DES pretreated biomass exceeded 90%, which 

would benefit the following cellulose valorization process. Therefore, the addition of ethanol has 

a vital enhancement effect on the removal of lignin and xylan, as well as the control of 

condensed compound formation.  

To better explain the varying fractionation behavior of different DESs, the K-T 

solvatochromic method using Nile red, N, N-diethyl-4-nitroaniline (NEt2), and 4-nitroaniline 

(NH2) as solvatochromic probes was applied [26]. The K-T parameters of 

dipolarity/polarizability (π*), the hydrogen bonding acidity (α), and the hydrogen bonding 

basicity (β) of DES systems were measured, respectively (Table S1). The nonspecific 

interactions between the DES and the dye were revealed by π*, which remained constant with 

the ethanol addition. In addition, the α value stands for H+ donating ability from hydrogen bonds, 

whereas β value is associated with the hydrogen [24]. It can be seen that those two parameters 



decreased with the increase of ethanol, indicating that the hydrogen bonding reaction between 

ChCl and p-TsOH was weakened by ethanol, which, as a result, reduced the dehydration of 

hemicellulose degradation products and lignin condensation during the pretreatment. Therefore, 

it is hypothesized that adding ethanol regulated the conversion pathways of xylose, inhibiting the 

formation of pseudo lignin during E-DES pretreatment. 

3.2 Characterization of pretreated liquor and condensed compounds

The main degradation products of hemicellulose were determined, and the results are 

provided in Fig. 2. In the pretreatment liquid of ChCl/ p-TsOH (i.e., T100t60), negligible sugars 

were detected despite the significant hemicellulose degradation. In addition, furfural, HMF, 

formic acid, and levulinic acid, the degradation products of monomeric sugars, were detected 

with a total amount of 0.13 g (based on 10 g dry biomass). This result indicates severe 

condensation reactions occurred during the pretreatment as hemicellulose was degraded 

considerably, while only trace degradation products were found. On the contrary, large amounts 

of sugars (mainly glucose, xylose, and arabinose) were detected in the E-DES pretreatment 

liquor, and they tended to increase with increasing temperature and time, with the amount of 0.09 

g to 0.49 g. Besides, furfural, HMF, formic acid, and levulinic acid were also measured, with 

amounts of 0.05 g to 0.27 g. From the above results, we can conclude that the further degradation 

of monosaccharides gave rise to the formation of condensed compounds in the regular DES 

system, and the addition of ethanol changed the degradation pathways of hemicellulose and 

further prevented condensation reactions.



Fig. 2 Composition analysis of the degradation compounds in pretreated liquor.

The condensed products were then subjected to pyrolysis analysis to determine their 

structural composition, and the pyrolysis products are listed in Table S2. It could be found that 

the pyrolysis products mainly include furan derivatives, aromatics, and ketones, respectively, 

which was analogous to the pseudo lignin structure originating from dilute acid pretreatment [27]. 

The formation of furan derivatives was ascribed to the further dehydration of xylose via aldol 

condensation between xylose and furfural, the acetal reaction between furfural, and the acetal 

reaction/aldol condensation between furfural and other derivatives during the pretreatment [28]. 

In addition to these byproduct reactions, Li reported that lignin in the system also significantly 

contributed to the formation of pseudo lignin, which can be revealed by the existence of phenolic 

compounds in the pyrolytic degradation products  [29]. In a recent study, Chang reported that the 

chloride anion in the ChCl system played active roles in pseudo-lignin formation from 

carbohydrates [30]. Thus, the pseudo-lignin formation is a complicated process affected by both 

the solvent and degradation products. 



To further understand the structural characteristics of condensed compounds, HSQC 

analysis was performed, as shown in Fig. 3. The chemical shift assignments are performed based 

on reported publications [30–32]. Typical S-type, G-type, pCA, methoxyl, and phenylcoumaran 

substructures that belong to lignin (condensed) were detected, indicating the existence of native 

lignin in the extracted compounds. While characteristic structures of phenol-type oxygenated 

(A1, A2, A3, B1, B2) and furan-type (E2), aldehyde type (G), aromatic type (D1, D3, D4), 

aliphatic type (D5), which could be classified into pseudo lignin features, were also identified. It 

can be concluded that the spectrum of condensed compounds showed typical lignin and pseudo-

lignin substructures. Considering that undetectable hemicellulose degradation products were 

present in the pretreated liquor and the pyrolytic degradation products results above, the 

condensed compounds consisted of both redeposited lignin and pseudo lignin. In this study, the 

addition of ethanol into the DES system prevented the further degradation of sugars, thus 

inhibiting the formation of pseudo lignin. 

Fig. 3 HSQC spectra of condensed compounds from T100t60.



3.3 Characterization of pretreated residues

The changes in the morphology of E-DES pretreated residues with different ethanol 

addition amounts (10%, 20%, and 30%) were unveiled by SEM (Fig. S1). It can be seen that 

large amounts of particles appeared on the surface of the T100t60 sample (without ethanol 

addition), which was recognized as the deposited lignin and pseudo lignin. Notably, the 

condensation compounds were gradually eliminated with the addition of ethanol and finally 

disappeared at 30% ethanol usage. In addition, it can be seen that the surfaces of pretreated 

samples (at different temperatures) all presented smooth and flat textures. This observation 

indicated that the ethanol could inhibit the lignin redeposition or pseudo-lignin formation, 

yielding a substrate with a clean surface to facilitate the following enzymatic saccharification. 

The effect of different pretreatment conditions on the crystallinity of cellulose was 

determined by X-ray diffraction, as shown in Fig. S2. The crystalline structure of cellulose Ⅰ has 

no apparent changes in all samples, which indicated that the natural cellulose crystalline structure 

of poplar was not influenced by DES and E-DES systems. The CrI of the raw PL was calculated 

to be 48.70%, while that of the pretreated samples were improved and ranged from 64.94% to 

70.15% (60 ℃ to 90 ℃), which is ascribed to the removal of hemicellulose and lignin. 

Nevertheless, the CrI decreased slightly when the temperature attained 100 ℃, which could 

attributed to the solvent swelling effect on the crystalline region under strong pretreatment 

conditions [33]. In conclusion, the increase in CrI after E-DES pretreatment was attributed to the 

removal of non-crystalline hemicellulose/lignin, which agreed with the previous study [34]. 

The influence of the pretreatment on the structure and functional groups of PL was 

examined by FTIR, as shown in Fig. S3. The adsorption peak at 896, 1052, 1104, and 2899 cm-1 



are assigned to β-glycosidic linkages, C-O stretching of cellulose, C-O vibrations of crystalline 

cellulose and skeletal carbon chain -CH-CH2- of cellulose [35]. These signals' intensity was 

apparently enhanced, resulting from the exposure of cellulose after pretreatment. The absorption 

peak at 1734 cm-1 is attributed to the C=O stretching from the aldehyde ester and acetyl groups of 

hemicellulose [36]. It disappeared after pretreatment, demonstrating that acetyl groups in 

hemicellulose were removed during pretreatment. The peaks at 1512 cm-1 and 1593 cm-1, 

assigned to the vibration and stretching signals of the aromatic ring, decreased obviously in the 

pretreated samples, which could be due to the ascendant ability of lignin removal in the E-DES 

system. In addition, the peak at 1233 cm-1 and 1326 cm-1 were attributed to the C-O vibration of 

guaiacyl and syringly of lignin. Compared with the signal at 1326 cm-1, the intensity at 1233 cm-1 

weakened distinctly after pretreatment, indicating that the guaiacyl lignin structure is more 

degradable than the syringly structure during E-DES pretreatment [37]. 

XPS determined the valence state of carbon atoms to investigate the surface atomic 

composition of pretreated residues (Fig. 4). Three prominent peaks at 284.9, 286.5, and 288.1 eV 

in the deconvoluted C 1s spectra were identified as the carbon in C-C/C-H (C1), C-OH/C-O-C 

(C2) and C=O/O-C-O (C3), respectively [38]. The peak of C1 is mainly attributed to the lignin 

and derivatives, and the peaks of C2 and C3 are closely related to cellulose and hemicellulose 

[39]. As shown in Fig. 4, the C1 content ratio of untreated PL was 55.05%. While its content of 

T100t60 maintained at 55.74%, indicating its disability to cause lignin removal. With ethanol 

incorporation, the C 1 content significantly decreased to 31.78%, accompanied by the values of 

C2 and C3 improving to 47.30% and 9.60%. These results demonstrated that the formation of 

condensed compounds was inhibited efficiently using the E-DES system, which agreed with the 

composition analysis in this study. Typically, the oxygen to carbon (O/C) ratio can be used to 



appraise the composition variations after pretreatment. As shown in Fig. 4, the O/C ratio of 

untreated PL was 0.38. After regular DES pretreatment, the O/C ratio was found to be 0.41, and 

only a slight increase was observed. Furthermore, the O/C ratio of the E-DES was improved to 

0.55. In general, the removal of hemicellulose and lignin will promote the proportion of O 1 s. 

According to the composition results above, the visible difference between T100t60 and E-

T100t60 could result from removing condensed carbon-abundant compounds. 

Fig. 4 C 1s spectra and O/C mass concentration ratio of untreated PL and pretreated samples.

3.4 Enzymatic hydrolysis of cellulose-rich residues

Enzymatic hydrolysis has been widely studied as a conversion pathway to transform 

cellulosic materials into value-added chemicals [40]. The enzymatic hydrolysis of pretreated 

samples was conducted, and the results are shown in Fig. 5. The enzymatic hydrolysis yield of 

the raw PL was only 2.05%, which after the regular DES pretreatment (T100t60) even decreased 

to 1.17%. This result suggested that the precipitated condensed compounds (on the substrate 



surface) significantly inhibited cellulose saccharification [41,42]. On the contrary, the cellulose 

conversion was enhanced by introducing ethanol into the DES pretreatment. Of significance, 

cellulose conversion was 31.21% at 60 ℃ for 180 min. Later, it was found to increase with both 

increasing temperature and time. At 80 ℃ E-DES, cellulose conversion increased from 22.80% 

(30 min) to 56.18% (60 min). Finally, at 100 ℃ E-DES, cellulose conversion reached 72.72% 

(15 min), 91.04% (30 min), and ~100% (60 min). These results indicated that the ethanol in the 

DES removed the condensation fraction and further increased the ease of cellulose hydrolysis by 

enzymes. We further investigated the enzymatic saccharification performance at 10% and 15% 

solid loadings (Fig. 5b). At 10% solid loading, the cellulose conversion reached a comparable 

value of ~90% for both E-T90t60 and E-T100t60 samples. In comparison, it further decreased by 

increasing the solid loading to 15%, which were 74.23% (E-T100t60), 65.55% (E-T100t30) and 

70.35% (E-T90t60), respectively.

Fig. 5 Enzymatic hydrolysis of pretreated samples under different conditions (a, b) and it’s 

fitting linear correlations with xylan/lignin removal (c).

The fitting linear correlations between xylan/lignin removal and glucose yield were presented 

in Fig. 5c. It was found that the enzymatic hydrolysis increased linearly with 

hemicellulose/lignin removal with R2 of 0.99/0.80. The strong correlation between hemicellulose 

/lignin removal and cellulose conversion was agreed with the conclusion using herbaceous 



Miscanthus reported before [14]. Moreover, Meng et al. concluded that the influence on the 

cellulose saccharification from lignin removal was actually influenced by hemicellulose removal 

[43]. Hence, the exact effect between hemicellulose/lignin removal and enzymatic digestibility 

differs in biomass species and pretreatment systems [44,45]. 

With the removal of condensed compounds during E-DES pretreatment, the accessibility of 

cellulose and hydrophobicity of substrates were changed, which has been proposed as critical 

factors for the following enzymatic hydrolysis to fermentable sugars [46]. The raw PL has a 

cellulose accessibility of 262.3 mg/g. It was found that the cellulose accessibility of the T100t60 

was improved to 589.6 mg/g (Fig. 6a). However, this increase did not benefit the following 

saccharification process as only 1.17% yield of glucose was observed. This result can be ascribed 

to the non-productive absorption and inhibition effect between the deposited condensed 

compounds and cellulase despite the increase in cellulose accessibility [47]. In E-DES systems, 

the cellulose accessibility was 295.3 mg/g, 715.7 mg/g, and 918.6 mg/g for T60t180, T80t60 and 

T100t60, respectively. The improvement in cellulose accessibility was attributed to the removal 

of most of the lignin and hemicellulose and the inhibitory effect on the condensed compounds 

formation in the E-DES system. In addition, the hydrophobicity of pretreated samples was 

investigated to reveal how E-DES pretreatment enhanced the enzymatic digestibility, as shown 

in Fig. 6b. The hydrophobicity of T100t60 substrate was as high as 15.01 L/g. It declined to 

12.19 L/g with the introduction of 10% ethanol. Interestingly, the hydrophobicity weakened 

significantly with a 30% addition of ethanol during pretreatment, ranging from 1.04 L/g (E-

T80t60) to 1.59 L/g (E-T100t30). The enzymatic hydrolysis of cellulose correlated very well 

with the hydrophobicity of substrates, which has been widely proposed in the relationship 

between lignin/pseudo lignin and cellulase [48,49]. As a result, the removal of deposited 



condensed compounds contributed to decrease the passive effect on the cellulase so as to 

enhance cellulose saccharification. 

Fig. 6 Cellulose accessibility and the relationship between hydrophobicity and glucose yield of 

different samples. (a) Accessibility, (b) Hydrophobicity.

4 Conclusions

In this study, the introduction of ethanol into a regular DES system effectively 

deconstructed the recalcitrant structure of poplar residues and prevented the formation of 

condensed compounds. The inhibition of pseudo lignin formation was due to the changes in 

solvent properties that altered hemicellulose degradation pathways during E-DES pretreatment. 

With the suppression of condensation reactions, enzymatic hydrolysis of the pretreated poplar 

was remarkably improved to ~100%. This work proposed an efficient, tailored E-DES system for 

overcoming the negative effect during regular acidic DES pretreatment and may offer a new 

strategy for DES design.
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