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26 Abstract: A novel pretreatment system containing deep eutectic solvents and ethanol 

27 (DES-E) for synergistic carbohydrate conversion and delignification was reported in this study. 

28 The DES-E pretreatment resulted in an enhanced glucose yield compared to individual DES and 

29 ethanol pretreatment for the three tested biomass, including Broussonetia papyrifera corn stover 

30 and pine. To further explore the delignification mechanism, the solubilized lignin and residual 

31 lignin from Broussonetia papyrifera was recovered and extracted, then thoroughly characterized. 

32 The highest total OH content was found in the DES-E solubilized lignin, which could be used as 

33 antioxidant. The presence of ethanol in pretreatment liquor could protect the β-O-4 substructure 

34 from breakage and reduce lignin condensation, which favors the subsequent enzymatic hydrolysis 

35 experiment. Comparable glucose yield and delignification performance was achieved by recycled 

36 DES. DES-E pretreatment offers a promising method for lignin isolation and cellulose 

37 digestibility improvement simultaneously.

38 Keywords: DES, ethanol, lignin, Broussonetia papyrifera

39 1. Introduction

40

41 Bioethanol produced from renewable biomass has gained increasing interest worldwide to 

42 substitute for fossil fuel. A typical bioconversion process is comprised of the following four key 

43 steps: pretreatment, enzymatic saccharification, fermentation, and distillation. Because of the 

44 complex structure of lignocellulose, pretreatment is an important step to disrupt the polymeric 

45 matrix of the cell wall and therefore enhance the accessibility of cellulase to activated cellulose of 

46 the pretreated lignocellulose. Different pretreatment technologies are explored so far to enhance 

47 sugar yield from hydrolysis of polysaccharides by removal of other components and/or 

48 transforming their physicochemical properties (Yang et al., 2020; Yang et al., 2016b; Meng et al., 
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49 2020). 

50 Deep eutectic solvents (DESs) have drawn increasing attention as a viable green substitute 

51 for conventional ionic liquid. DESs have showed great potential in glucose yield enhancement and 

52 lignin extraction (Li et al., 2018a; Sai and Lee, 2019; Hansen et al., 2021). One of the most studied 

53 DESs is the lactic acid/choline chloride (LA/ChCl), as it can achieve excellent enzymatic 

54 digestibility (Hou et al., 2018). The improvement of glucose digestibility was largely due to the 

55 solubilization of lignin and hemicellulose as well as the reduction of cellulose degree of 

56 depolymerization by DES (Lin et al., 2020). Furthermore, the degradation of ether linkages of 

57 lignin also increased phenolic OH group contents in lignin and decreased molecular weight 

58 accordingly (Wang et al., 2020). 

59 Ternary DESs were recently developed to facilitate pretreatment efficiency (Xing et al., 

60 2018; Chen et al., 2019). A system comprising of DES (containing ChCl and oxalic acid as HBA 

61 and HBD, respectively) and butanol mixture was shown to be able to remove lignin form the 

62 native lignocellulosic biomass (Xing et al., 2018). However, the detailed mechanism of the ternary 

63 system and its advantage over the ordinary two components DES were not fully discussed. Along 

64 with the breakage of aryl ether linkages, condensation also occurred during the pretreatment, 

65 which is not favorable for further lignin valorization and applications (Brandt-Talbot et al., 2017; 

66 Chen et al., 2020). To further improve the digestibility of biomass and decrease lignin 

67 condensation during pretreatment, it is worth further exploring the detailed mechanism of ternary 

68 DESs, as a third component could enhance the performance of the solvents on purpose (Jablonsky 

69 et al., 2019), and yield lignin with different structure simultaneously. Organosolv pretreatment 

70 showed great potential in multiple applications (Yao et al., 2018a). It has been reported that high 
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71 C2H5OH content could suppress lignin degradation during the biomass pretreatment. Large 

72 quantities of β-O-4 linkages could be reserved (Lancefield et al., 2017). Thus, it is proposed that 

73 combining the two pretreatment strategies might be a promising way for industrial production of 

74 biofuel as well as lignin valorization. 

75 This study aims to elucidate the synergistic impacts of DES with ethanol on digestibility 

76 improvement and lignin transformation during pretreatment. In this work, the addition of ethanol 

77 during DES pretreatment (DES-E) using ChCl/LA was evaluated by comparing the sugar release 

78 of the pretreated Broussonetia papyrifera to the DES control without the addition of ethanol. 

79 Furthermore, the structural properties of solubilized and residual lignin after pretreatment from 

80 Broussonetia papyrifera using DES and DES-E were thoroughly characterized to examine their 

81 potential for further valorization.

82

83 2. Materials and Methods

84 2.1 Materials

85 Broussonetia papyrifera, corn stover and pine were obtained from a local farm in Wuhan, 

86 Hubei province, China. The extractive-free of Broussonetia papyrifera, corn stover and pine were 

87 composed of 24.15%, 16.55% and 27.77% of Klason lignin, 36.31%, 31.53% and 37.27% of 

88 glucan, 27.89%, 28.69% and 24.15% of xylan, 1.10%, 13.90% and 0.73% of ash, according to the 

89 method described before (Sluiter et al., 2008). After size reduction (to 2 mm) and extractives 

90 removal by ethanol (6 h), the extractive-free biomass was air-dried ready for pretreatment. The 

91 cellulase enzymes were provided by the Baiyin Sainuo Technology Ltd. (Gansu province, PR 

92 China), with a filter paper activity of 160U/g.

93
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94 2.2 DES synthesis and recycling

95 Choline chloride and lactic acid were vacuum oven dried at 50 ℃ for 24 h before mixing and 

96 heating at 90 ℃ (1:2, mol/mol, Song et al., 2020). A transparent liquid was formed under 

97 continuous magnetic. After cooling, DES was stored in a vacuum oven for one week before use. 

98 DES to ethanol (1:1, mol/mol) was prepared readly before use.

99 DES recovery was achieved by vacuum evaporation at 50 ℃. For the reuse of DES in 

100 pretreatment, fresh ethanol was added every round.

101 2.3 Pretreatment 

102 50 grams of oven-dried biomass and 450 g pretreatment solvent were loaded into pressure 

103 reactor (4530 Parr, Parr Instrument Company, USA). The pretreatment was conducted at 160 ℃ 

104 for 60 min based on preliminary results (data not shown), at which the highest glucose yield was 

105 obtained. As shown in Fig.1, after pretreatment, the pretreatment liquor was obtained by filtration. 

106 The pretreated solid residue was washed with excess amount of alcohol to remove the remaining 

107 DES followed by DI water wash until the effluent became pH neutral. The pretreated residue was 

108 then stored at 4 oC for further cellulase saccharification. For comparison, biomass pretreated by 

109 DES or ethanol only was also conducted under the same conditions. Pretreatment yield, cellulose 

110 loss, xylan removal and lignin removal were calculated as follows:

111 𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑦𝑖𝑒𝑙𝑑 =

oven dried biomass weight af
ter pretreatment

oven dried biomass weight before pretreatment  ✕100%

112

113 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑙𝑜𝑠𝑠 = (1 ―
cellulose amount  in residue after pretreatment

cellulose amount before pretreatment ) ✕100%

114
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115 𝑋𝑦𝑙𝑎𝑛 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (1 ―
xylan amount  in residue after pretreatment

xylan amount before pretreatment ) ✕100%

116

117 𝐿𝑖𝑔𝑛𝑖𝑛 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (1 ―
lignin amount  in residue after pretreatment

lignin amount before pretreatment ) ✕100%

118 Fig.1

119 2.4 Enzymatic hydrolysis

120 Never-dried biomass samples were enzymatic hydrolyzed based on a previous study (Yao et 

121 al., 2010). The hydrolysates were obtained by centrifuging at 10,000 rpm for 10 min for glucose 

122 content analysis. Glucose content was determined and analyzed according to the published 

123 literature (Yang et al., 2016b). The digestibility was assessed as the obtained glucose divided by 

124 the amount of cellulose in the initial substrate.

125 2.5 Lignin isolation and purification from Broussonetia papyrifera

126 The lignin rich liquid fractions were firstly concentrated by rotary evaporation. The 

127 DES-extracted lignin was then obtained by precipitating in excess amount of cold DI water. The 

128 precipitated lignins (E-L, DES-L, DES-E-L) were obtained by centrifugation, washed with DI 

129 water and 90% ethanol, and finally freeze-dried.

130 Milled wood lignin (MWL) was extracted from raw material (Untreated-MWL) and 

131 pretreated Broussonetia papyrifera (E-MWL, DES-MWL, DES-E-MWL) according to a method 

132 described before (Björkman, 1956).

133 2.6 Physicochemical property determination of lignin from Broussonetia papyrifera

134 The FT-IR 710 infrared spectrophotometer was used to conduct the FTIR analysis. The 

135 molecular weights of lignin were determined by Gel permeation chromatography analysis using 

136 Shimadzu LC-10AD, and lignin is acetylated according to a previous study (Kumar et al., 2013). 
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137 All the NMR analysis was performed via a Bruker AVIII 400 MHz spectrometer. DMSO-d6 was 

138 used as the solvent to solubilize the lignin substrates. The detailed experimental conditions for all 

139 the NMR were the same as described elsewhere (Yao et al., 2018b).

140 2.7 Adsorption of cellulase to Lignin from Broussonetia papyrifera

141 Lignin substrates were mixed with different concentration of cellulase (1.0-50.0 mg/mL) at a 

142 loading of 2% (w/v) at 50°C. The mixture was then shaking at 150 rpm for 4 h. The protein 

143 concentration determination and the adsorption parameters calculation methods were obtained by 

144 linear regression of the Langmuir isotherm by the method described elsewhere before (Yao et al., 

145 2018c).

146 3. Results and discussion

147 3.1 Compositional analysis of biomass before and after pretreatment and their sugar release after 

148 enzymatic hydrolysis

149 The cellulose digestibility of pretreated materials by each DES was investigated and 

150 compared. Ethanol pretreatment had a marginal effect on digestibility improvement, while both 

151 DES and DES-E significantly enhanced the performance of enzymatic saccharification. Addition 

152 of ethanol into the DES system also increased the sugar release of pretreated Broussonetia 

153 papyrifera. Similarly, enzymatic hydrolysis of pretreated pine and corn stover were also improved 

154 by the addition of ethanol (see supplementary materials). High solid loadings for the hydrolysis 

155 were also assessed for pretreated Broussonetia papyrifera. For the DES-E pretreatment, higher 

156 solid loading hydrolysis did not result in a significant decrease in glucose yield, which was 

157 94.85% for 2% solid loading, 91.70 and 91.10 for 5% and 10% solid consistency, respectively. 

158 DES pretreated biomass also resulted in 76.57%, 78.55%, 82.22% glucose yield, for 10, 5, 2% 
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159 solid loading, respectively (see supplementary materials). The results indicated that DES-E 

160 pretreated biomass has better enzymatic saccharification than DES pretreated substrates at both 

161 low and high solid loadings.

162 The effect of different pretreatments on chemical composition changes of Broussonetia 

163 papyrifera was presented in Table 1. Significant change of chemical composition was not 

164 observed after ethanol pretreatment of Broussonetia papyrifera, compared with raw material. 

165 Analysis results from Fig.2 showed that only 8.25% of lignin and 37.37% of xylan were removed 

166 during ethanol pretreatment, indicating that most of the cell wall structure was still intact, and 

167 lignin and hemicellulose were connected with cellulose and inhibit cellulase accessibility to 

168 cellulose. This result can explain its very limited impact on the enzymatic saccharification 

169 performance.  

170 Under the same conditions, DES pretreatment increased the digestibility of Broussonetia 

171 papyrifera from 18.6% to 82.2%. This improvement was similar to that of the published research 

172 (Lancefield et al., 2017; Li et al., 2018a; Lin et al., 2020; Ji et al., 2021). The DES pretreated 

173 residue consisted of 58.8% of cellulose, 4.2% of xylan and 7.2% of lignin. During DES 

174 pretreatment, 86% of lignin and 93% of xylan were removed, which favors the following cellulase 

175 hydrolysis process by increasing cellulose accessibility. However, around 24% of cellulose was 

176 lost during the pretreatment. Similar results were also observed before by other researchers (Guo 

177 et al., 2019; Chen et al., 2020; Huang et al., 2021). Earlier studies showed high specificity of the 

178 DES for lignin removal while preserving carbohydrates by cleaving abundant ethers in lignin 

179 (Tian et al., 2017). 

180 The DES-E pretreatment resulted in higher glucan digestibility than the other two 



9

181 pretreatments did under the same pretreatment conditions, indicating a possible synergistic effect 

182 of DES and ethanol on the digestion improvement of Broussonetia papyrifera. Interestingly, 

183 DES-E removed less xylan (91%) and lignin (80%) during the pretreatment compared to DES. 

184 Furthermore, only 10.5% of cellulose was removed during DES-E pretreatment. Previous studies 

185 suggested that the structural characteristic of residual lignin had a significant effect on cellulase 

186 adsorption (Yao et al., 2018b; Yang et al., 2016). Other researchers also indicated that when a 

187 certain amount of lignin was removed during pretreatment, other factors such as lignin 

188 physicochemical properties were critical for cellulose digestibility improvement (Fu et al., 2010). 

189 As a result, the lignin characteristics after different pretreatment were elucidated in detail.

190 Table 1.

191 Fig 2.

192 3.2  Characterization of lignin from Broussonetia papyrifera

193 3.2.1 Lignin characterization by FT-IR

194 To compare the effects of DES-E, DES, and ethanol pretreatment on lignin transformation, 

195 the physicochemical property of lignin recovered from these pretreatment liquids and lignin 

196 isolated from the pretreated Broussonetia papyrifera were determined and compared initially by 

197 FTIR.

198 Lignin recovered from pretreatment solvent and residual lignin after pretreatment were 

199 recovered and compared to MWL from raw material by FT-IR (See supplementary materials). The 

200 prominent FTIR peaks are assigned based on previous studies (Yang et al., 2016b; Yang et al., 

201 2020). The signal at 3419 cm-1 was from the O-H stretch of hydroxyl groups in lignin. The 

202 wavenumber at ~1731 cm-1 was from the unconjugated carbonyl stretching. The signals at 1598, 
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203 1508, and 1423 cm-1 from the benzene ring were clearly observed. Peaks at 1326 and 1126 cm-1 

204 were typical signals from the syringyl subunit. The wavenumber at 1265 cm-1 represents guaiacyl 

205 subunit .

206 The signal around 1382 cm-1 from aromatic hydroxyl group could be found in all solubilized 

207 lignin samples E-L, DES-L, and DES-E-L. The cleavage of β-O-4 ether linkages could resulte in 

208 the generation of extra phenolic hydroxyl group (Na et al., 2020). After DES pretreatment, the 

209 intensity of the signal at 1731 cm-1 was decreased, indicating the breakage of the lignin aliphatic 

210 side chain, which was also found before (Li et al., 2020b.).

211 3.2.2 Molecular weight determination

212  The weight-average (Mw), number-average (Mn) molecular weight, and polydispersity index 

213 (PDI) of each lignin sample were compared and listed in Table 2. The native lignin (untreated 

214 MWL) exhibited a broad molecular weight distribution (PDI=3.1) and had a large Mw of 9663 

215 g/mol. The lignin samples solubilized in pretreatment solvents and residual lignin extracted from 

216 pretreated materials showed a decrease of Mw, except E-MWL, indicating that DES pretreatment 

217 effectively depolymerized the native lignin. It was reported that strong hydrogen bonds could be 

218 formed between the chloride anions and the -OH groups in lignin, resulting in breakage of the 

219 hydrogen bonds of lignin intramolecular, subsequently facilitating lignin removal (Hong et al., 

220 2020). The results were consistent with previous studies (Song et al., 2020; Oh et al., 2020). The 

221 decreased molecular weight was mainly explained by breakage of aryl ether bonds (Wang et al., 

222 2020a). Similar results were also found in other studies (Shen et al., 2019; Wang et al., 2020b). 

223 Compared with lignin extracted by DES-E and DES, lignin removed by ethanol showed lower Mw 

224 and narrower MW distribution. The increased heterogeneity (i.e., PDI) of lignin samples after 



11

225 DES pretreatments may be due to either the concurrent depolymerization/repolymerization of 

226 lignin degradation products, or incomplete decomposition of lignin (Li et al., 2018b). The results 

227 indicated that the addition of ethanol into DES could facilitate both the dissolved lignin and 

228 residual lignin with narrower molecular weight distribution, which favors the subsequent 

229 processes such as lignin modification and valorization (Yao et al., 2018a). 

230 Table 2.

231
232 3.2.3 31P-NMR determination

233 The contents and distribution of hydroxyl groups in lignin are important characteristics, not 

234 only to the lignin-cellulase adsorption but also to lignin valorization. Fig. 3 presents the 

235 distribution of various OH groups in each lignin sample. It was apparent that in native 

236 Broussonetia papyrifera, the main OH groups are aliphatic OH, followed by phenolic OH and 

237 carboxyl OH. After different pretreatment processes, aliphatic hydroxyl groups were reduced, and 

238 phenolic hydroxyl groups was increased at various extents due to the cleavage of aryl ether 

239 linkages. Among the three extracted lignin samples from pretreatment liquid, DES-E-L and 

240 DES-L contained higher amounts of total OHs and phenolic OHs, which might favor its further 

241 modification and utilization in many applications (Pang et al., 2021; Li et al., 2020a; Yao et al., 

242 2020). 

243 It was found that less aliphatic OH and more phenolic OH groups were contained in the 

244 residual lignin, which was found before as well (Song et al., 2020). Hydroxyl groups were mainly 

245 responsible for the nonproductive adsorption between cellulase and lignin. A negative correlation 

246 between total -OHs and hydrolysis yield of cellulose was found, indicating that high amounts of 

247 OHs in added lignin could reduce the hydrolysis yield of Avicel (Song et al., 2020). Among three 
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248 residual lignin samples, the residual lignin after DES pretreatment (DES-MWL) contained the 

249 most amounts of total hydroxyl groups, followed by E-MWL and DES-E-MWL. The least amount 

250 of total -OHs in DES-E-MWL may partly explain the highest glucose release performance of 

251 pretreated Broussonetia papyrifera by DES and ethanol mixture. 

252
253 Fig.3.

254 3.2.4 HSQC determination

255 For further comparison of the structural property of each lignin sample, a semi-quantitative 

256 HSQC analysis was used in this study. Assignments of NMR spectra peaks could be referred to 

257 the previous studies (Sun et al., 2015; Meng et al., 2016; Yang et al., 2016; Yao et al., 2020).

258 The aromatic regions mainly contained signals from syringyl (S), guaiacyl (G), and 

259 p-coumarate (pCA) units (see supplementary materials). The lignin subunits were assigned 

260 according to the literature (Zeng et al. 2013), and the semi-quantitative analysis results are 

261 presented in Table 3. It could be found that for the lignin from unpretreated Broussonetia 

262 papyrifera, S and G contents are 52.33% and 47.67%, respectively. After ethanol pretreatment, the 

263 S/G ratio of dissolved lignin was decreased to 0.86, indicating that S units might be easier to be 

264 degraded than G lignin during the ethanol pretreatment (Guo et al., 2015). However, when DES 

265 was used as the pretreatment liquid, the S/G ratio was 7.61 and 2.69 for extracted lignin and 

266 residual lignin, respectively. The results were consistent with previous studies, which reported that 

267 lignin recovered by DES was rich in syringyl (He et al., 2020; Li et al., 2021). The S/G ratios of 

268 extracted lignin and residual lignin were between that of E and DES pretreatment, for both 

269 extracted and residual lignin. Compared with DES lignin, the lower S/G ratio of lignin when 

270 ethanol was applied as all or part of the pretreatment solvent indicated different delignification 
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271 mechanism between DES and DES-E pretreatment process. Furthermore, various extents of pCA 

272 were removed by different pretreatment solvents. Ethanol could dissolve and retain the most 

273 amount of pCA. The lowest amount of pCA in DES-L and a trace amount in DES-MWL also 

274 indicated intensive degradation of DES on pCA. The results were consistent with earlier studies, 

275 which indicated that action sites of DES pretreatment are the ester bonds of pCA (Ji et al., 2021). 

276 Signals from lignin interlinkages (including β-O-4, β-5, and β-β) and methoxy groups were 

277 detected in aliphatic region (see supplementary materials). It could be found from Table 3 that 

278 MWL isolated from untreated Broussonetia papyrifera comprised of 67.12% β-O-4, 11.70% of 

279 β-β and 4.60% of β-5 (based on percentage of S + G). After ethanol pretreatment, less of β-O-4 

280 and more of β-5 and β-β were detected in the E-L, indicating that part of β-O-4 content was 

281 removed during the ethanol process (Yao et al., 2018). After DES pretreatment, the signals 

282 ascribed to Cα of β-O-4 and β-5 in DES-L was not detected. The results are consistent with the 

283 published research (Alvarez-Vasco et al., 2016). The disappearance of cross-peaks from β-5 was 

284 due to the acid-labile of this linkage, especially under high pretreatment temperature (Sannigrahi 

285 et al., 2010). It was also determined that the DESs could selectively break a small part of 

286 carbon-carbon linkages in lignin under acid conditions (Li et al., 2018b). The same phenomenon 

287 was also found in DES-MWL. Due to the instability of β-5 and cleavage of part β-O-4, the content 

288 of β-β was increased after DES pretreatment. When DES and ethanol were mixed and applied as 

289 the pretreatment solvent, all three types of linkages could be detected. Although the content of 

290 β-O-4 in DES-E-MWL was decreased compared with Untreated-MWL and E-MWL, it was still 

291 the most abundant inter-unit linkage (39.12%). It was indicated that ethanol could protect the 

292 cleavage of β-O-4 and β-5 by DES during pretreatment. 
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293 It was elucidated that cleavage of β-O-4 ether bonds is the most dominant lignin 

294 transformation during acid-DES pretreatment (Schutyser et al., 2018). It is interesting that signals 

295 from Hibbert’s ketone were observed, which confirms that DES degraded the aryl ether linkages 

296 of lignin. On the other hand, the incorporation of ethyl groups at the α-position of lignin is a 

297 symbolic characteristic of organosolv pretreatment with ethanol (Lancefield et al., 2017), which 

298 could protect β-O-4 linkages from decomposition and further lignin condensation (Deuss et al., 

299 2017). This observation might explain why more β-O-4 substructures were retained after DES-E 

300 pretreatment, as compared with DES pretreatment. The condensed structure could be clearly found 

301 in DES-L, DES-E-L, and DES-MWL. The disappearance of the signals from condensed S/G in 

302 DES-E-MWL might result from the addition of ethanol to DES during pretreatment. Previous 

303 research found that more condensed aromatics adsorbed more CBH through hydrophobic 

304 interactions (Yao et al., 2018b), which could explain the higher glucose yield of Broussonetia 

305 papyrifera after DES-E pretreatment.

306 The delignification in DES pretreatment was manily due to cleavage of β-O-4 linkages (Song 

307 et al., 2020). However, it was found earlier that too much breakage of β-O-4 linkages could hinder 

308 future lignin application (e.g., depolymerization to its monomers) (Dong et al., 2019). The reactive 

309 ether linkages largely dictate the lignin reactivity as they are the most abundant and yet the most 

310 reactive or vulnerable lignin inter-unit linkages. Compared with DES-L and DES-MWL, the 

311 presence of larger amounts of β-O-4 linkages in DES-E-L and DES-E-MWL (Table. 3) indicated 

312 that a higher yield in the following lignin valorization. Therefore, DES-E pretreatment offers a 

313 promising method for biorefinary process.

314 Table 3.
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315 3.2.5 Cellulase adsorption to each residual lignin 

316 Lignin plays an important role in the enzymatic hydrolysis process (Lin et al., 2021). The 

317 binding ability between cellulase and each residual lignin was also assessed in the current study 

318 (Table 4). The maximum cellulase capacity was found with residual lignin after DES pretreatment 

319 (1428.57 mg/g), followed by DES-E-MWL (588.24 mg/g) and E-MWL (526.32 mg/g). Compared 

320 to literature (Song et al., 2020), the higher maximum cellulase capacity was observed in this study 

321 which might be due to different applied pretreatment condition and utilized biomass resources. It 

322 could be found that the binding strengths of each residual lignin with cellulase were 92.59, 74.63, 

323 and 56.82 ml/g, for DES-MWL, E-MWL and DES-E-MWL, respectively. The binding strength 

324 between lignin residue and cellulase was not as strong as that of lignin after acid pretreatment, 

325 compared with research before (Yao et al., 2018b). The difference between each residual lignin in 

326 cellulase adsorption was due to different characteristic in structure. 

327 Earlier studies indicated a possible strong relationship between condensed phenolic moieties 

328 in lignins extracted from hot water pretreated aspen and their inhibition of cellulase (Sun et al., 

329 2016). According to the structural features, DES-MWL contained the most amount of condensed 

330 phenolic OH, followed by DES-E-MWL and E-MWL (Fig.3). Although the association between 

331 condensed phenolic OH and cellulase adsorption was not obvious (R2=0.42), which might due to 

332 the limited numbers of data available, the trend of condensed phenolic OH amount and the Emax 

333 was the same for the three tested lignin samples, DES-MWL˃ DES-E-MWL˃ E-MWL. It was 

334 indicated that condensed phenolic OH played an essential role in the lignin-cellulase interaction. 

335 Cellulase interacted with the condensed phenolic OH groups in lignin mainly via hydrogen 

336 bonding and hydrophobic interaction.
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337 On the other hand, positive association between S/G ratio and Emax was also observed (y = 

338 614.14x - 222.95, R2=0.99), indicating that lignin with higher S/G ratio has higher cellulase 

339 bindings abilities. Similar results were also reported in the previous studies (Tan et al., 2015; Yao 

340 et al., 2018c). 

341 Table 4. 

342 3.2.6 DES recovery and pretreatment performance

343 The DES used for biomass pretreatment could be easily recovered, as illustrated before (Kim 

344 et al., 2018; Chen et al., 2019b; Wang et al., 2020; Oh et al., 2020). In this study, the DES was 

345 recycled and reused and its pretreatment performance on glucose yield and delignification under 

346 the same pretreatment conditions with the addition of fresh ethanol was evaluated. 

347 As shown in Fig.4, a fresh DES-E could obtain almost 95% glucose yield, which was 

348 decreased to 89% and 67% for the second and the third cycle, respectively. Similarly, the 

349 delignification effect of the recycle DES with the addition of fresh ethanol was 80% in the first 

350 run, which was decreased to 74% in the 2nd run and further to 60% in the 3rd run. The 

351 degradation products originated from carbohydrates and lignin dissolved in the DES after each 

352 pretreatment and the change of the DES composition could result in the decreased effectiveness of 

353 recycled DES in pretreatment (Kim et al., 2018; Chen et al., 2019b; Wang et al., 2020; Oh et al., 

354 2020).

355 Fig.4.

356 Conclusion

357 Broussonetia papyrifera was subjected to DES-ethanol pretreatment (DES-E) to improve 

358 digestibility and obtain recovered lignin for future applications. The synergistic effect of DES and 

359 ethanol was observed on glucose release, due to decreased lignin condensation reactions. 



17

360 Compared with DES or ethanol pretreatment, the advantage of DES-E was not only on improved 

361 digestibility but also on the structural integrity and future valorization of recovered lignin. Similar 

362 cellulase hydrolysis improvement results were also obtained from corn stover and pine. This study 

363 confirms that DES-E pretreatment was considered a promising biorefinery strategy.
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528 Table 1 Effect of DES/E pretreatment on the composition and glucose digestibility of 

529 Broussonetia papyrifera

Pretreatment 
Yield (%)

Cellulose (%) Xylan (%) Lignin (%)
Glucan 

digestibility
(%)

Untreated N/A 36.31 27.89 24.15 18.57±0.24

E 96.72±0.21 38.86±1.51 18.06±0.74 22.91±0.01 20.05±0.17

DES 46.24±0.34 58.76±0.74 4.16±0.33 7.21±0.24 82.22±0.06

DES-E 51.97±2.17 62.56±0.34 5.06±0.27 9.39±0.01 94.84±0.22

530 Note. The values in the table are “average ± standard deviation”.
531
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532 Table 2 molecular weight distribution of various lignins from Broussonetia papyrifera

Mn (g/mol) Mw (g/mol) PDI
Untreated-MWL 3105 9663 3.1

DES-E-MWL 1861 6177 3.3
DES-MWL 1753 6582 3.8

E-MWL 4665 13618 2.9
DES-E-L 1316 5953 4.5
DES-L 666 5609 8.4

E-L 1816 3930 2.2

533

534
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535 Table 3. Quantitative analysis of the aromatic structure and lignin inter-linkages from 

536 Broussonetia papyrifera based on 2D-HSQC NMR

537

Untreated
-MWL

E-L DES-L DES-E-L E-MWL
DES

-MWL
DES-E
-MWL

G 47.67% 53.87% 11.61% 40.29% 44.64% 27.11% 43.54%
S 52.33% 46.13% 88.39% 59.71% 55.36% 72.89% 56.46%

pCA 2.71% 4.97% 1.38% 2.10% 0.87% - 1.23%
S/G 1.10 0.86 7.61 1.48 1.24 2.69 1.30

β-O-4
(A)

67.12% 64.98% - 15.36% 69.09% 14.24% 39.12%

β-5/α-
O-4
(B)

4.60% 7.31% - 4.85% 4.66% - 4.86%

β-β
(C)

11.70% 12.76% 10.16% 7.62% 12.51% 14.13% 12.21%

538 “-” means not detected. Amount of specific functional group was expressed as percentage of S + 
539 G.
540
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541 Table 4. Langmuir adsorption isotherm parameters from cellulase adsorption to various lignin 

542 from Broussonetia papyrifera

Emax (mg/g) Kads (ml/mg) Binding strength (ml/g)

E-MWL 526.32 0.1418 74.627
DES-MWL 1428.57 0.0648 92.593

DES-E-MWL 588.24 0.0966 56.818
543
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545

546 Fig.1. Pretreatment procedure

547
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548

549

550
551
552

553 Fig 2. Glucose yield changes with time at solid loading of 2% (A) and component removal 

554 comparison (B) after different pretreatmentsof Broussonetia papyrifera
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555

556

557 Fig 3. Hydroxyl groups distribution of various lignin samples from Broussonetia papyrifera
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559

560

561 Fig.4. DES-E pretreatments performance of Broussonetia papyrifera using recycled DES 
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