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19 Abstract 

20 Previous lignin microspheres (LMS) preparation needs multiple steps with very 

21 low yield and high cost. Herein, we developed a high-solid deep eutectic solvent 

22 (DES) pretreatment for an effective lignin fractionation and enzymatic 
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23 saccharification of moso bamboo under mild temperature (110 °C) with high solid 

24 loading. Lignin was significantly removed from the plant cell wall, and cellulose 

25 properties (e.g., crystallinity and degree of polymerization) were also altered during 

26 the pretreatment. As a result, the enzymatic digestibility of the pretreated bamboo was 

27 dramatically increased. Uniform micro-spherical lignin was directly produced from 

28 the pretreatment system, and its particle size could be regulated by controlling the 

29 solid loadings and pretreatment temperatures. The lignin microspheres formation 

30 mechanism was investigated by analyzing the lignin’s size distribution, molecular 

31 weight distribution, chemical structure, and hydrophobicity. The DES showed 

32 excellent recyclability, and the recycled DES could still remove 42.78% lignin even 

33 after 7th circulation associated with 100% glucan saccharification. The mass balance 

34 based on 1000 g biomass showed that 196.28 g LMS was directly recovered, which 

35 exhibited a high RhB adsorption. Besides, 404.91 g glucose and 36.67 g xylose were 

36 obtained after the enzymatic saccharification process. Specifically, GAPI analysis 

37 exhibited a near total green and yellow portions of the pictogram, indicating our DES 

38 process was green enough to make this biorefinery sustainable. Overall, the proposed 

39 DES generated synergistic productions of digestible solid and LMS which could 

40 contribute to establish a green and sustainable biorefinery sequence with diverse 

41 outputs in one pot.

42 Keywords: Deep eutectic solvents, Delignification, Enzymatic hydrolysis, Lignin 

43 microspheres, High-solid pretreatment

44 1. Introduction
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45 Lignocellulosic biomass, which is mainly composed of cellulose, hemicellulose, 

46 and lignin, is the most abundant renewable feedstock on the earth. It has received 

47 significant attention for its ability to produce materials, fuels, and chemicals through 

48 the biorefinery process (Lancefield et al., 2017). For a conventional biorefinery 

49 platform, the processing of biomass is hampered by the compact physical and 

50 chemical structures of lignocellulosic biomass (Xu et al., 2020). Lignin is a complex 

51 and heterogeneous natural macromolecule containing various phenolic monomers 

52 (e.g., p-hydroxyphenyl, guaiacyl, and syringyl) bonded by a series of C-O and C-C 

53 linkages such as β-O-4, β-β, and β-5 bonds. It acts as the vital glue endowing biomass 

54 their structural integrity and mechanical strength. Lignin is recognized as the key 

55 recalcitrant component in the biorefinery process (Mankar et al., 2021). In 

56 conventional pulping processes, lignin is often treated as a low-value combustion fuel, 

57 however in recent years, it has an increasing market value as a renewable alternative 

58 to replace petrochemicals such as phenolic compounds and nano/micro materials 

59 (Ragauskas et al., 2014). This interest necessitates the efficient isolation and 

60 preparation of a clean lignin stream with high reactivity and integrity. In the past two 

61 decades, many pretreatment methods, such as sulfite, auto-hydrolysis, alkali, dilute 

62 acid, and alkaline hydrogen peroxide, have been developed to convert lignocellulose 

63 to biofuel effectively (Lancefield et al., 2017). While these methods can yield a 

64 satisfying cellulose-to-glucose conversion, the quantity and quality of the lignin 

65 fraction generated from many of these processes are not considered as much as 

66 cellulose. This is mainly because the recovered lignin from these methods often 
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67 suffers from high impurity, low reactivity, high condensation, low yield, and wide 

68 polydispersity, making it difficult to further valorize into useful chemicals or 

69 materials (Abu-Omar et al., 2021). 

70 Deep eutectic solvent (DES) is an emerging ionic liquid-like solvent that 

71 possesses biocompatibility, biodegradability, recyclability, and shows high efficiency 

72 for lignocellulose pretreatments (Huang et al., 2021). DES comprises hydrogen-bond 

73 donors (HBD) and hydrogen-bond acceptors (HBA) through hydrogen bond 

74 interactions (Sánchez-Camargo et al., 2019). The strong H-bond between HBD and 

75 HBA makes the solvent strong enough to complete with the inner linkages in biomass 

76 and lead to the cleavage of H-bonds, glycosidic bonds and ether bonds to fractionate 

77 the lignocellulose (Xia et al., 2018). Although DESs effectively remove lignin and 

78 hemicellulose, some inherent problems still hinder their future industrial applications. 

79 For instance, the recovered DES lignin typically suffered from severe structural 

80 degradation and condensation even at a mild condition when pretreated with the 

81 carboxylic acid-based DES, such as using maleic acid, formic acid, lactic acid, and 

82 oxalic acid as the HBD (Hong et al., 2020). Thus, most lignin recovered from the 

83 abovementioned DES systems has limited applications. Another problem associated 

84 with DES pretreatment is its high viscosity, which typically requires a high DES 

85 dosage to accelerate mass transfer. Some studies explored the high-solid DES 

86 pretreatment (Modenbach and Nokes, 2012), but multiple steps are inevitable. For 

87 example, Chen et al. performed an ethylene glycol-based DES pretreatment at a 27% 

88 biomass loading, and the results showed that a glucose yield of 90% at 130 °C 
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89 could be achieved (Chen et al., 2018a). Ai et al. further increased the solid loading to 

90 50% using a glycerin-based DES mediated extrusion system which achieved ~76.4%  

91 cellulose conversion l at the pretreatment temperature of 180 °C (Ai et al., 2020). 

92 Despite the relatively high glucose yields, these pretreatments still need high 

93 temperatures/long pretreatment time to fractionate the lignocellulose, and possible 

94 lignin valorization routes were not explored. To facilitate the fractionation ability, 

95 catalyst-promoted polyol-based DES systems have also been widely investigated. For 

96 example, Xia et al. (Xia et al., 2018) found that the AlCl3·6H2O catalyzed ChCl-

97 glycerol system could significantly improve the lignin fractionation efficiency from 

98 3.61% to 98.46%. Wang et al. (Z. K. Wang et al., 2020) have also investigated the 

99 Lewis acid-catalyzed and polyol-based DES pretreatment which could dramatically 

100 enhance the fractionation ability. However, the lignin valorization was neglected 

101 during these DES pretreatment processes. It could be argued that the lignin isolation 

102 and its utilization have become a key point restricting large-scale DES application.

103 Lignin microsphere (LMS) synthesis is one of the most attractive lignin 

104 valorization approaches. Over the past few years, LMS has been widely investigated 

105 in sewage treatment agents, cosmetics, and polymeric applications (Österberg et al., 

106 2020). LMS preparation is quite susceptible to its inherent structural characteristics, 

107 such as molecular weight, polydispersity, and hydrophobicity (Ma et al., 2020). The 

108 LMS preparation methods often need multiple steps, including acid precipitation, 

109 dialysis, chemical modification, and coordination, which result in extended processing 

110 time, low yield, high cost, and environmental contamination (often using 
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111 environmental hazardous chemicals in chemical modification and acid precipitation 

112 processes) (Österberg et al., 2020). Pang et al. (Pang et al., 2020) proposed a solvent-

113 anti-solvent method for LMS precipitation using the enzymatic hydrolysis lignin 

114 which could obtain a series of uniform LMS, but need a tedious lignin isolation 

115 process, long preparation time, toxic solvent and high cost. Besides, Chen et al. (Chen 

116 et al., 2020) successfully prepared uniform LMS using the chip and abundant alkaline 

117 and kraft lignin, while this process needed time consuming processes of anti-solvent 

118 precipitation and dialysis which greatly constrain its scale-up. To make LMS 

119 economically feasible, significant modification of processing is essential. This study 

120 aims to develop a high-solid loading pretreatment approach under mild condition (low 

121 temperature of 110 ℃, less time of 1 h and high SLR) using a ternary ChCl/1,4-

122 butanediol (BDO)/AlCl3 DES system, which applied raw lignocellulosic biomass as 

123 the starting material for uniform LMS production while preserved most carbohydrates 

124 for the monosaccharides production in the subsequent enzymatic hydrolysis. As 

125 contrast, we also studied the lignin properties recovered from organic acid-based DES 

126 and other polyol-based DESs. The results showed that the polyol-based DES system 

127 could uniquely yield uniform LMS after the pretreatment, while the lignin recovered 

128 from the organic acid-based DES all exhibited irregular shape which is covered by a 

129 large amount of lignin debris. The possible mechanism of the LMS formation during 

130 the pretreatment was also proposed. A combination of scanning electron microscope 

131 (SEM), X-ray diffraction (XRD), two-dimensional heteronuclear single quantum 

132 coherence nuclear magnetic resonance (2D HSQC NMR), and Zeta-sizer analysis 
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133 were applied to evaluate the impact of high solid DES pretreatment on the structural 

134 and chemical variations of bamboo components as well as the physical characteristics 

135 of the LMS particles. Our study demonstrated the great potential of the BDO DES 

136 pretreatment in valorizing the cellulose and lignin fractions in lignocellulosic 

137 biomass, yielding fermentable sugars and LMS as synergistic products in one pot, 

138 which could solve the problems of tedious processes, low yield, and high cost in 

139 conventional LMS preparation process.       

140 2. Materials and methods 

141 2.1. Materials

142 The bamboo feedstock (moso bamboo) provided by Xianhe Paper Industry 

143 (Zhejiang Province, China) was crushed with a twin-extruder, and the crushed 

144 bamboo was air-dried (with a final water content of 7.62%) and then stored in a zip 

145 bag for further use. The air-dried moso bamboo shaped as fibril agglomerates, and the 

146 fibril size was measured to be in 3-5 mm long and 0.3-1 mm wide. Cellulase (SAE 

147 0020, 250 FPU/g) and xylanase (X2753, 3490 U/g) were purchased from Sigma-

148 Aldrich (Shanghai, China). Choline chloride (ChCl) was obtained from Machlin 

149 Biochemical Co., Ltd, (Shanghai, China). 1,4-butanediol (BDO), AlCl3, and other 

150 chemicals were purchased from Sinopharm Chemicals reagents (Beijing, China). 

151 2.2. DES preparation and pretreatment 

152 Considering the poor performance solely applying polyol-based DES such as 

153 ChCl/glycerol (Xia et al., 2018) and ChCl/glycol (Hong et al., 2020), here we 

154 introduced trace AlCl3 as the catalyst to strengthen the fractionation ability. The DES 
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155 was prepared by mixing ChCl, BDO, and AlCl3 (using a 25:50:1 molar ratio) at a 

156 three-neck flask. Then, the mixture was reacted in a glycerin bath (90 °C) with 

157 consecutive agitation to form a homogeneous and transparent liquid, finally it was put 

158 into a desiccator before pretreatment. It was found that the DES turned into solid state 

159 at temperature < 20°C, thus the DES was preheated at 50 °C prior to the pretreatment.

160 In the pretreatment process, 10 g feedstock (dry weight) was blended with the 

161 DES at different solid to liquid ratios (SLR, w/w) of 1:1, 1:2, 1:4, 1:6, 1:8, and 1:10 at 

162 a mild temperature of 110 °C. The pretreatment was carried out at different 

163 temperatures (e.g., 90, 100, 110, 120, and 130 °C) for 1 h with consecutive agitation 

164 in an oil bath. Once the pretreatment was finished, 300 mL of 50 v/v% acetone/water 

165 solution was introduced to quench the reaction, followed by magnetic stirring for 2 h. 

166 Next, the solid and liquid separation was conducted by vacuum filtration. The solid 

167 was washed twice with another 200 mL fresh acetone/water solution, then washed 

168 with excessive DI water until the effluent was neutral pH and stored at 4 °C before 

169 analysis. The lignin-rich filtrate was gathered, and then rotary-evaporated (50 °C) to 

170 remove the acetone, followed by adding 750 mL of DI water to precipitate the lignin. 

171 The precipitated lignin was centrifugally recovered, washed with DI water to neutral 

172 pH, and freeze-dried to obtain the solid lignin sample. The yield of recovered lignin 

173 was calculated based on the ratio of the precipitated lignin (weight) over the removed 

174 lignin during the pretreatment. All experiments in our study were performed in 

175 duplicate. After the lignin precipitation, the DES was recovered by evaporating the 

176 water at 70 °C using a rotary evaporator, and the obtained DES was weighted to 
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177 determine the recovery yield.

178 2.3. Characterizations 

179 2.3.1 Enzymatic hydrolysis

180 The enzymatic hydrolysis experiment was performed at a 2.5% solid 

181 loading (w/v) according to a previous publication (Huang et al., 2021). In brief, 

182 about 500 mg dry weight of sample was weighed into the glass flask, then 1 mL 

183 acetate buffer (1 M) was introduced to control the pH ~4.8. Cellulase (25 

184 FPU/g-glucan) and xylanase (150 U/g-xylan) were followed. After 

185 supplementing DI water to a total volume of 20 mL, the mixture was put into a 

186 shaking incubator (150 rpm, 50 °C) for 72 h. Once the incubation finished, 1 

187 mL of sample was withdrawn to quantify the sugars release by the high-

188 performance liquid chromatography (HPLC). The equation of calculating the 

189 enzymatic hydrolysis yield was shown as follows:

190 Enzymatic hydrolysis yield (%) = Glucose/xylose in the enzymatic hydrolyzate (g)
Initial glucan/xylan in the substrate (g) × 1.11/1.14 ×  

191 100%

192 2.3.2 Substrates characterizations

193 The chemical composition determination of raw and pretreated bamboo 

194 substrates was referred to the National Renewable Energy Laboratory (NREL) 

195 protocol (Sluiter et al., 2012), and the detailed procedures could be found in our 

196 recent study (Cheng et al., 2022). The monomeric sugars, furfural and acetic 

197 acid in this study were quantified by HPLC (Agilent 1260 Ⅱ). Different 
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198 monosaccharides were separated by an HPX-87H column (Bio-Rad Aminex) 

199 with 5 mM sulphuric acid as the mobile phase (0.6 mL/min at 55 °C). 

200 X-ray diffraction (XRD) test was performed on a Bruker D8 

201 diffractometer (Bruker, Germany) using a Cu-Kα X-ray generator (40 kV, 40 

202 mA). The sample testing was scanned from 10° to 40° (2°/min). The 

203 crystallinity index (CrI) calculation was based on the following equation:

204 CrI =
[I002 - Iam]

I002
× 100                          

205 Where I002 (at around 22°) represents the maximum intensity of diffraction peak, 

206 and Iam (at around 18°) represents the minimum intensity of the amorphous 

207 proportion. 

208 Cellulose DPv experiment was referred to a viscosity procedure of the ISO 5351 

209 standard, and the detailed procedure could be referred to previous publications (Sirviö 

210 et al., 2016). 

211 2.3.3 Lignin characterization

212 The lignin recovery yield was obtained based on the regenerated lignin from 

213 pretreatment liquid and the total removed lignin from bamboo, and the corresponding 

214 calculation equation was shown as follows. 

215 Lignin yield (%) = Lignin recovered from the pretreatment liquid (g)
Total removed lignin from the initial bamboo (g) × 100%

216 The proportion of carbohydrates in the recovered lignin was determined by two-

217 step acid hydrolysis referred to the abovementioned NREL protocol. According to a 

218 previous publication, CEL (cellulolytic enzyme lignin) of raw bamboo was extracted 

219 by consecutive enzymatic hydrolysis and dioxane extraction (Wen et al., 2015). 
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220 The surface characteristics and microstructural changes of lignin were imagined 

221 by a field emission scanning electron microscopy (FE-SEM, S-3400N II, HITACHI 

222 Company, Japan) operated at a 10 kV acceleration voltage. The samples were sprayed 

223 by gold before the test.

224 The molecular weights analysis was analyzed by GPC (gel permeation 

225 chromatography). Before the GPC test, the samples were acetylated using pyridine 

226 and anhydride (1:1, v/v) at RT for 24 h. After acetylation, the acetylated samples (4 

227 mg) were readily dissolved in THF (2 mL) to reach a concentration of 2 mg/mL for 

228 molecular weight analysis by GPC using a UV detector at 240 nm.

229 2D-HSQC NMR experiments were conducted by a Bruker AscendTM 600 

230 MHz spectrometer. Before test, around 150 mg lignin sample was dissolved in 

231 0.6 mL DMSO-d6, and the detailed procedures and acquisition parameters 

232 could be found in our previous publication (Cheng et al., 2022).

233 The average microsphere diameter (Z-Ave) and size distribution of the recovered 

234 lignin were analyzed using a Zeta-sizer (Nano ZS, Malvern Instrument, UK). The 

235 lignin sample was prepared at a concentration of 1 g/L and then sonicated for 10 min 

236 to disperse lignin in water prior to the analysis. It is believed that 10 min sonication 

237 treatment can effectively disperse lignin in the water, while extensive sonication 

238 treatment may cause reduction in the diameter (Ma et al., 2019).

239 Hydrophobicity of the recovered lignins was measured by the Rose Bengal assay 

240 (Wu et al., 2018). In brief, different amounts of recovered lignin (6, 12, 18, 24, 30 

241 mg) were weighed into 15 mL citrate buffer (0.05 M, pH~4.8) with 0.03 M Rose 
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242 Bengal. Then, the mixture was transferred into a shaking incubator (50 °C, 150 

243 rpm) and incubated for 2 h. At the end of incubation, the mixture was centrifuged 

244 (9000 rpm, 10 min) for solid-liquid separation. After that, the residual Rose Bengal in 

245 the liquid was determined by UV-Vis spectrometer at 543 nm. The dye adsorption 

246 quantity was calculated according to the difference of free dye in the solution of the 

247 initial and equilibrated adsorption process. Partition quotient (PQ) is defined as the 

248 ratio of the amount of absorbed dyes over the residual free dyes, which is linearly 

249 fitted with the corresponding sample concentration, and the slope represents the 

250 surface hydrophobicity of recovered lignin.

251 2.3.4 Organic dye removal test

252 The adsorption capacities of the LMS toward organic dye Rhodamine B (RhB) 

253 were performed to evaluate the potential of the LMS as a contaminant remover. To 

254 provide a theoretical basis for practical application, this study adopted the RhB with 

255 concentrations of 150 mg/L, and the test was performed in a shaker (40 °C, 110 rpm) 

256 for 24 h (Li et al., 2016). After 24 h adsorption, the LMS were removed from the 

257 suspension by centrifugation (6000 rpm, 15 min). Kinetic analysis for RhB dyes was 

258 performed by applying 50 mg LMS in 25 mL of the RhB solution (150 mg/L) under 

259 40 °C. The RhB concentration in the solution was periodically quantified with a UV-

260 vis spectrophotometer at 554 nm.

261 The adsorption capacity (qe, mg of dye/g of adsorbent) of RhB dye was 

262 determined by the following equation:

263 qe = (c0 - ce) × v
m
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264 Where c0 (mg/L) and ce (mg/L) represent the initial and equilibrium 

265 concentrations of the RhB; v (L) and m (g) are the volume of aqueous solution and the 

266 weight of adsorbent. 

267 3. Results and discussion

268 3.1 Substrates characterization 

269 3.1.1 Chemical composition analysis

270 Pretreatments under different molar ratios were fist conducted to optimize the 

271 AlCl3 addition, and the result showed that the fractionation ability slightly increased 

272 with the AlCl3 molar proportion increased, while it nearly reached a plateau at the 

273 molar ratio of 25:50:1 (data is not shown). Considering the cost, here we chose the 

274 fixed ChCl/BDO/AlCl3 of 25:50:1 as the experimental condition.

275 After pretreatment under different SLRs (1:1-1:10) and different temperatures 

276 (90-130 °C), the recovery yields of the pretreated solid, glucan, xylan, and the lignin 

277 removal in different pretreatments are shown in Fig. 1. As shown in Fig. 1a, even at a 

278 very high solid to liquid ratio (SLR) of 1:1 (110 °C), only 74.03% solid was 

279 recovered, indicating the efficient pretreatment even under the highest SLR. With 

280 decreasing SLR, solid yield continued to decrease, dropping from 74.03% to 65.28% 

281 (1:2) and 59.24% (1:4), and a further decrease in SLR had a negligible impact on the 

282 solid recovery. It can be seen that the hemicellulose and lignin removal was the main 

283 reason causing the degradation of bamboo, as 42.60% xylan was retained in the solid 

284 and more than 38% lignin was removed, while glucan recovery remained very high 

285 (92.84%) at 1:1 SLR. As the SLR decreased to 1:4, the xylan recovery decreased, and 
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286 lignin removal increased, which were 27.03% and 69.72%. When further decreasing 

287 the SLR (1:4~1:10), the lignin removal and xyaln recovery almost remained constant 

288 (within 10% variation). After balancing the lignocellulose fractionation efficiency and 

289 the cost, we selected the optimum SLR of 1:4 to conduct further study. In contrast, the 

290 glucan recovery stayed relatively high during all the process, which had a yield of 

291 ~90%, indicating that glucan was well-preserved during the DES pretreatment.  

292 The effect of pretreatment temperatures on the biomass composition was also 

293 investigated at 20% solid loading (i.e., 1:4 SLR). As shown in Fig. 1b, the solid yield 

294 decreased gradually from 82.1% to 56.9% as the temperature increased from 90 to 

295 120 °C. In comparison, a further increase in pretreatment temperature to 130 °C 

296 slightly increased the solid yield to 59.39%. Xylan recovery significantly decreased 

297 from 67.49% to 1.78% as temperature increased from 90 to 130 °C. Lignin removal 

298 initially increased as the temperature was raised, and it reached the highest of 74.17% 

299 at 120 °C. Then the lignin removal decreased to 56.47% at a higher temperature of 

300 130 °C, which might partially contribute to the increased solid recovery at this 

301 temperature. This result indicated the possible formation of pseudo lignin induced by 

302 the carbohydrates decomposition and the condensation of small lignin moieties under 

303 high-temperature DES pretreatment, which precipitated on the surface of the 

304 substrates (Y. Wang et al., 2020). Nevertheless, around 90% glucan through the 

305 pretreatments was maintained, even at high temperatures. 
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306

307 Fig. 1. Detailed components variations under different SLRs at 110 °C (a) and 

308 temperatures (b) under 1:4 SLR.

309 3.1.2. The crystalline index (CrI) and DPv (cellulose degree of polymerization) 

310 analysis 

311 The effects of pretreatment SLR (1:1-1:10) and temperature (90-130 °C) on the 

312 CrI and DPv were analyzed and the results are provided in Fig. 2. The CrI of raw 

313 bamboo was 59.63%, and it gradually increased to 66.91% (1:10 SLR) as the SLR 

314 decreased to 1:10 (110 °C, Fig. 2a), which was mainly induced by the degradation of 

315 amorphous hemicellulose and lignin. As to the effect of temperature (Fig. 2b), the CrI 

316 initially increased from 59.14% (90 °C) to the highest of 64.86% (120 °C), further 

317 increase of the temperature to 130 °C slightly decreased the CrI back to 63.55%. This 

318 result might be ascribed to the significant increase of DES permeation into the 

319 cellulose crystalline zone at severe temperature that caused its further swelling (Wu et 

320 al., 2018). The lignin condensation under the severe pretreatment condition at 130 °

321 C caused the increase of lignin content and may also result in the CrI decrease. 

322 For the DPv analysis, it was 773 for raw bamboo, which dramatically decreased 

323 to 396 (a 49% reduction) upon being subjected to the DES pretreatment (1:1 SLR and 
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324 110 °C). The cellulose DPv further reduced to 261 as the SLR decreased to 1:10 (Fig. 

325 2a). A similar trend was observed in the DES pretreatment at different temperatures 

326 (Fig. 2b). These results revealed that although glucan recovery remained relatively 

327 constant during the DES pretreatment, the inner β-1,4-glucosidic bonds suffered from 

328 significant degradation, exposing more cellulose-reducing ends that may facilitate the 

329 subsequent enzymatic hydrolysis. 

330

331 Fig. 2. The CrI and cellulose DPv of the raw and pretreated bamboo at different SLRs 

332 at 110 °C (a) and different temperatures (b) under 1:4 SLR.

333 3.1.3. Enzymatic saccharification

334 Enzymatic saccharification of raw and pretreated bamboo samples under 

335 different conditions were conducted and compared in this section. To better assess the 

336 enzymatic hydrolysis performance of the pretreated solid, here we chose the 

337 commonly used solid loading of 2.5% in the enzymatic hydrolysis process. As shown 

338 in Fig. 3a, only 12.63% glucan saccharification yield and 1.74% xylan 

339 saccharification yield was obtained for raw bamboo. After the pretreatment, the 

340 glucan saccharification yield increased to 70% at the high SLR of 1:1, indicating our 

341 proposed DES can perform well at extremely high solid loadings. The glucan 
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342 saccharification yield at 1:2 SLR was higher than 90%, and a near 100% 

343 saccharification yield could be achieved with an SLR lower than 1:4. The xylan 

344 hydrolysis also had the same trend which showed the yield increased from 1.74% 

345 (raw bamboo) to 95.22% (SLR 1:2) and 100% (SLR of 1:4 or lower). As previously 

346 identified and widely reported in the literature, low SLR will increase the cost of 

347 pretreatment and solvent recovery processes, thus we chose the 1:4 SLR ratio as the 

348 optimized loading condition based on the high lignin removal and satisfying 

349 enzymatic saccharification. As to the temperature, the glucan saccharification reached 

350 its maximum (100%) at only 110 °C (Fig. 3b). Besides, enzymatic hydrolysis under 

351 higher solid loadings also performed and it showed a decreased enzymatic hydrolysis 

352 yield (data are not shown). In conclusion, the proposed high solid loading DES 

353 pretreatment system is capable of converting nearly 100% carbohydrate of the 

354 pretreated bamboo to their corresponding monosaccharides (e.g., glucose and xylose) 

355 through enzymatic hydrolysis, outperforming other DES systems such as ChCl/oxalic 

356 acid (58.5% glucose yield under 1:10 SLR at 160 °C) (Ling et al., 2021), benzyl 

357 triethylammonium chloride (BTEAC)/formic acid (76.64% glucan saccharification 

358 yield under 1:10 SLR at 130 °C) (Zhaohui Zhang et al., 2022), and BTEAC/lactic acid 

359 (LA) (72.5% glucose yield under 1:20 SLR at 120 °C for 2 h) (Guo et al., 2019), 

360 which usually need high pretreatment severity and low SLR. Because of the applied 

361 low pretreatment temperature, the DES solubilized lignin could avoid significant 

362 condensation reaction which will be demonstrated in the following section.
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363

364 Fig. 3. 72 h saccharification yields under different SLRs (a) 110 °C and temperatures 

365 (b) under 1:4 SLR. 

366 3.2 Lignin characterization 

367 The dissolved lignin was then precipitated from the pretreatment liquid by 

368 adding sufficient water to destroy the hydrogen bond between HBD and HBA 

369 (Provost et al., 2022), and the lignin recovery yield based on the removed lignin was 

370 shown in Table S1. It can be seen that the lignin recovery yield was over 90% in most 

371 runs (except that at 1:1 SLR), higher than that achieved by typical alcohol 

372 pretreatment (Lancefield et al., 2017), ionic liquid/p-toluenesulfonic acid pretreatment 

373 (Wei et al., 2021), dioxane and methanol solution/HCl pretreatment (Pan et al., 2021), 

374 and tetrahydro-2-furanmethanol pretreatment (Xu et al., 2019). This is because that 

375 the bamboo lignin did not undergo severe depolymerization and exhibited a relatively 

376 intact structure which will be demonstrated in the following section. This result 

377 indicated that our recovered lignin exhibited a well-preserved structure which is liable 

378 to be recovered. Further, Zhang et al. have reported that the diol-grafted lignin 

379 structure intermediate was abundant after the diol-stabilized acidolysis (Zhenlei 

380 Zhang et al., 2022). Liu et al. (Liu et al., 2021) also found the diol (ethylene glycol) 
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381 could substantially graft onto the lignin side chains after a ternary DES pretreatment 

382 system. This grafting reaction might also contribute to the high recovery yield of 

383 lignin. This result indicated that high-purity lignin was obtained in a simple manner 

384 which favored the subsequent structural analysis and further valorization of such 

385 lignin. 

386 3.2.1 Structural analysis of the recovered lignin 

387 After pretreatment under different SLRs (at 110 °C) and different temperatures 

388 (under 1:4 SLR), the weight-average (Mw), number-average (Mn) molecular weights, 

389 and the dispersity of the recovered lignins are shown in Fig. 4. The raw bamboo CEL 

390 has an Mw of 12322 g/mol. After DES pretreatment, Mw of the recovered lignin 

391 decreased substantially, and it tends to be lower with lower SLR (from 9474 to 6800 

392 g/mol) and high temperature (from 9415 to 6049 g/mol), which is ascribed to the 

393 enhanced DES permeation and bond cleavage at these conditions. The dispersity of 

394 the recovered lignin was increased after the pretreatment, which has also been 

395 reported in other DES pretreatment (Ai et al., 2020). This result can be explained by 

396 the fact that lignin underwent depolymerization and repolymerization, resulting in 

397 wider molecular size distribution.       

398
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399 Fig. 4. Molecular weight and dispersity of CEL, and recovered lignins after DES 

400 pretreatment under different SLRs (a) at 110 °C and temperatures (b) under 1:4 SLR.

401 Considering the plateaued fractionation ability (69.75% lignin removal and 

402 91.38% glucan recovery), high carbohydrates saccharification, and high lignin 

403 recovery yield under the mild condition (110 °C, 1:4 SLR), here we choose this 

404 condition to unveil its structure after the DES pretreatment to provide a reference to 

405 valorize such lignin. The detailed chemical structure of the CEL and recovered lignin 

406 (at 20% solid loading and 110 °C) was unveiled by 2D-HSQC NMR. The side-chain 

407 (δC/δH 50.0-90.0/2.50-6.0 ppm) and aromatic (δC/δH 100.0-150.0/9.0-5.5 ppm) 

408 regions of the CEL and recovered lignin, as well as the semiquantitative 

409 analysis, are listed in Fig. 5. The primary lignin cross-signal assignments of the 2D-

410 HSQC spectra are referred to previous publication (Shen et al., 2019). 
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411

412

413 Fig. 5. Aromatic and side-chain regions of the CEL and L110 °C in the 2D HSQC 

414 NMR spectra.

415 In the side-chain region of the spectra (see Fig. 5), bamboo CEL had 

416 predominant signals of Aα (β-O-4), Bα (β-β), and Cα (β-5) linkages at δC/δH 
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417 71.62/4.85, 84.73/4.65, and 86.82/5.41 ppm. The β-position of Aβ (β-O-4), Bβ 

418 (β-β), and Cβ (β-5) signals were centered at δC/δH 86.1/4.05 (Aβ for S) and 

419 83.4/4.33 (Aβ for G), 53.5/3.05, and 52.4/3.45 ppm. The γ-position of Aγ (β-O-4), 

420 Bγ (β-β), and Cγ (β-5) signals were at δC/δH 59.5/3.69, 71.0/4.16-3.79, and 

421 62.3/3.70 ppm. Specifically, a new pronounced signal appeared at 80.05/4.49 

422 ppm in the regenerated lignin (see red ring in Fig.5), which is reported to be 

423 induced by the grafting of BDO on to the lignin structure (Liu et al., 2021). The 

424 semiquantitative data shows that the β-O-4 aryl ether content in CEL was 

425 59.19/100 Ar, and it dramatically decreased to 9.37/100 Ar after the DES 

426 pretreatment, indicating that our DES led to severe β-O-4 linkages cleavage. In 

427 addition to the cleavage of β-O-4 linkages, other carbon-carbon (C-C) bonds 

428 had also been partially cleaved, in which a 36.74% reduction of β-β bond (from 

429 4.11 to 2.60/100Ar) occurred, and the β-5 linkages had a negligible decrease 

430 (from 5.44 to 5.21/100Ar). It should be noted that the cleavage of main 

431 interlinkages such as the aryl ether bond is usually accompanied by 

432 condensation reactions, which may impact lignin’s hydrophobicity, as will be 

433 illustrated later. 

434 In the aromatic regions of bamboo CEL, pronounced signals of syringyl 

435 (S), guaiacyl (G), and p-hydroxyphenyl (H) units were clearly recognized. The 

436 oxidized syringyl units (S’), ferulic acid (FA), and p-coumaric acid (PCE) 

437 signals were also easily identified. For example, the cross-peak of S2,6 was 

438 centered at δC/δH 104.0/6.72 ppm, and that of the oxidized S unit (S′2,6) was 
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439 found at δC/δH 106.3/7.21 ppm. The signals belonging to guaiacyl (G) units 

440 were at δC/δH 111.0/6.99 (G2), 114.8/6.68 (G5), and 119.1/6.80 ppm (G6). The 

441 p-hydroxyphenyl (H) signal appeared at δC/δH 127.9/7.19 ppm (H2,6). After 

442 pretreatment, distinct signals shift of the S2,6, and G5 cross-peaks were 

443 observed, indicating some condensation reactions occurred during the 

444 pretreatment (Shen et al., 2019). It has been reported that the C-5 of G units 

445 could readily react with the free positions in adjacent lignin units to form a 

446 condensed structure, while the condensed S units were probably generated 

447 between the Cα position of the side chain in S units and other active positions in 

448 fractionated lignin units to form a new carbon-carbon bond (Shen et al., 2020), 

449 which would increase the hydrophobicity of the recovered lignin. We further 

450 calculated the condensed structure (volume integration of contours proportion 

451 to the total aromatic rings) and it shows that 9.10% S unit and 2.54% G unit 

452 suffered from condensation during the DES pretreatment. As to the signals of 

453 FA at δC/δH 110.7/7.35 ppm (FA2) in CEL, it disappeared after the 

454 pretreatment, while the peaks associated with PCE at δC/δH 130.2/7.48 ppm 

455 (PCE2,6), δC/δH 144.8/7.51 ppm (PCE7), δC/δH 113.9/6.29 ppm (PCE8) could 

456 still be identified. The S/G ratio of lignin remained nearly unchanged after 

457 pretreatment.

458 3.2.2 Synergetic generation of LMS

459 The morphology of the recovered lignin pretreated under different SLRs at 

460 110 °C for 1 h and different temperatures under 1:4 SLR for 1h was observed with 
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461 FE-SEM. As shown in Fig. 6, raw bamboo CEL presented irregular agglomerates. 

462 Surprisingly, the recovered DES lignin all had a regular sphere-like shape that was 

463 clearly dispersed, and the surface of the lignin spheres was smooth and neat, different 

464 from previous DES lignins which featured block or flake-like shapes (Lou et al., 

465 2019; Shen et al., 2020). 

466 The morphology of the obtained lignin in our proposed DES system was then 

467 compared with typical ChCl/p-toluenesulfonic acid, ChCl/oxalic acid, and ChCl/lactic 

468 acid DES systems. As shown in Fig. S1, the morphology of the recovered lignin from 

469 ChCl/oxalic acid (Fig. S1, a1-a3) and ChCl/lactic acid (Fig. S1, c1-c3) exhibited an 

470 irregular shape which is covered by a large amount of lignin debris. Besides, the 

471 recovered lignin using ChCl/p-toluenesulfonic acid system showed irregular 

472 morphology, similar to that of CEL. While in our BDO DES and other polyol-based 

473 DES (such as glycol, glycerol, and propanediol based DES), the recovered lignin all 

474 exhibited a regular LMS (Fig. 6 and Fig. S2). This result indicated that our polyol-

475 based DES system could in one-pot obtain a tailored LMS after simple DES cooking , 

476 which will emancipate the low yield, complex process, and high cost in traditional 

477 LMS preparation processes (Ma et al., 2019), and facilitate the LMS valorization in 

478 adsorbent, ultraviolet screening agent, antioxidant, electrode materials, gas separator, 

479 catalyst, and other fields (Österberg et al., 2020). 
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480

481 Fig. 6. SEM of CEL (a1-a3) and recovered lignin from different SLRs of L1:1 (b1-b3), 

482 L1:2 (c1-c3), L1:4 (d1-d3), L1:8 (e1-e3), and temperatures of L90 (f1-f3), L100 (g1-g3), 

483 L110 (h1-h3) and L120 °C (i1-i3).

484 3.2.3 Tailored LMS and its possible forming mechanism

485 After pretreatment under different SLRs at 110 °C for 1 h and different 

486 temperatures under 1:4 SLR for 1h, the size of the recovered LMS was also analyzed 

487 by a Zeta-sizer. As shown in Fig. 7a and b, the diameter of LMS was in several 

488 microns, and it tends to increase with the decrease of both SLR (1588-5239 nm) and 

489 the increase of temperature (1100-6192 nm). This result indicated that the lignin size 

490 could be regulated by changing the pretreatment condition. Interestingly, the diameter 

491 of the LMS was found to have a strong negative correlation with the Mw (Fig. S3), 

492 indicating the small lignin debris are more prone to aggregate with each other, 

493 facilitating the formation of large LMS. This result is consistent with the previous 

494 publications, which reported that the formation mechanism of lignin particles 
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495 depended on the molecular weight and solubility of lignin (Zwilling et al., 2021). To 

496 further investigate the formation mechanism of lignin microspheres, the 

497 hydrophobicity of the recovered lignin was then determined (see Fig. 7c and d). At 

498 low temperatures (90-110 °C) and high SLR (1:1-1:4), the hydrophobicity was almost 

499 unchanged, keeping at a very low value (<0.5 L/g). Further changing the pretreatment 

500 parameters (e.g., high temperature and low SLR) significantly increased the 

501 hydrophobicity of lignin, which could be ascribed to the occurrence of some lignin 

502 condensation at these conditions that formed the carbon-carbon linkages and 

503 increased lignin’s hydrophobicity. It can be seen that the diameter of the LMS had a 

504 positive relationship with its hydrophobicity which is contradictory to other studies 

505 using the traditional antisolvent method (Ma et al., 2020). This result indicated that 

506 hydrophobicity might be one of the main driving forces for the LMS generation in our 

507 proposed DES system. The polyol grating onto the α position of lignin side chains 

508 (see 2 D HSQC NMR analysis section) could change the lignin structure and its 

509 hydrophobicity, which might also play an important role in facilitating the formation 

510 of the LMS. The BDO grafting reaction could significantly protect the lignin from 

511 further degradation (Cheng et al., 2022), resulting in an intact lignin structure which 

512 has a more hydrophilic sidechain, thus might increase the stability of the hydrophobic 

513 core at the same time strengthen the growing process induced by the hydrophilia shell. 

514 A possible mechanism of the lignin microsphere formation was proposed (Fig. S4). 

515 After introducing water to the lignin-rich DES pretreatment liquid, lignin nuclei were 

516 formed through aggregating the large molecular and homogenous hydrophobic lignin, 
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517 then the nuclei gradually grew by adsorbing the small particles composed of 

518 hydrophobic nuclei and hydrophilic shell. This path suggests that the small debris 

519 generated from the cleavage of the lignin’s molecular chain would facilitate the lignin 

520 particle’s growth under lower SLR and high temperatures. This hypothesis enabled an 

521 in-depth understanding of the formation of lignin spheres.

522

523 Fig. 7. Diameters (a,b) and hydrophobicity (c,d) of the recovered lignins under 

524 different SLRs at 110 °C and temperatures under 1:4 SLR.

525 3.3 Adsorption property analysis of the recovered LMS

526 One of the most critical applications of the LMS is their ability to be used as a 

527 recyclable dye adsorbent; thus, the utilization of LMS for the RhB dye scavenging 

528 from an aqueous solution was assessed in our study. The rate of the adsorption 

529 process is an essential factor that could determine the feasibility of using the sorbent 
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530 in large-scale industrial applications. The relationship between the time and the 

531 amount of dye adsorbed was studied. As shown in Fig. S5, more than 60% of the 

532 equilibrium adsorption capacity for RhB occurred within the first 50 min, indicating 

533 its high efficiency. The LMS adsorption rate was found to decrease gradually with 

534 decreasing the SLR (the LMS diameter increased from 1588 to 5239 nm). 

535 Specifically, the pretreatment efficiency increased as the SLR decreasing which 

536 resulted in the Mw decrease, the increase of hydrophobicity and the grafted diol tail 

537 decrease (Cheng et al., 2022). The decreased Mw means the increased lignin 

538 fragmentation, thus may lead to more growing reaction during the LMS formation 

539 process (Ma et al., 2020), resulting in a larger diameter and a poor adsorption 

540 performance. Besides, the increased hydrophobicity induced by the condensed 

541 reactions and the decrease of the grafted BDO might gather more lignin debris during 

542 the nucleation process, which also increased the diameter of the LMS. To investigate 

543 the kinetic mechanism, the pseudo-first-order and the pseudo-second-order equations 

544 were adopted to describe the adsorption processes (see Fig. S6). 

545 The pseudo-first-order model (Li et al., 2021, 2016) was given as 

546 ln(𝑞𝑒 - 𝑞𝑡) = ln𝑞𝑒 - k1t                                        

547 The pseudo-second-order model (Li et al., 2021, 2016) was given as 

548
𝑡

𝑞𝑡
= 1

K2qe2 +
t

qe
                                            

549 Where K1 and K2 are the rate constant, qt and qe are the amounts of RhB 

550 adsorption at time t and at equilibrium (Li et al., 2016). 

551     The correlation coefficients of the pseudo-first-order and the pseudo-second-
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552 order model are listed in Table S2. It can be seen that the pseudo-second-order model 

553 had a higher R2 value than that of the pseudo-first-order model, and the calculated qe 

554 values were also closer to the experimental data. This implied that the adsorption 

555 process of RhB on LMS was dominated by chemisorption, rather than diffusion (Li et 

556 al., 2016).   

557 The adsorption capacity strongly correlates with its surface areas (Wu et al., 

558 2021), and the LMS recovered from our system would be superior to other shapes 

559 because of the higher surface area. As shown in Fig. 8a, the RhB adsorption on LMS 

560 was gradually decreased from 55.05 mg/g (1:1 SLR) to 50.48 (1:2 SLR), 42.05 (1:4 

561 SLR), 32.24 (1:6 SLR), and 31.64 mg/g (1:8 SLR). Obviously, the LMS could 

562 effectively adsorb the dyes of Rhodamine B, which outperformed some traditional 

563 materials relating to RhB adsorption with maximum value of 12.41 mg/g by biochar 

564 (Li et al., 2021) and 17.62 mg/g by Magnetic hollow microspheres (Li et al., 2016), 

565 indicating that our LMS had excellent property in removing organic RhB dyes from 

566 water. As shown in Fig. 8b, the adsorption ability of the recovered lignin had a strong 

567 relationship with the diameter of the LMS (R2=0.9336), which indicated that the 

568 surface areas of the recovered lignin governed the adsorption process.
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569

570 Fig. 8. The adsorption capability (qe) at different SLRs (a) at 110 °C and the 

571 relationship between the diameter of LMS and its adsorption ability (qe) (b).    

572 3.4 DES reusability assessment 

573 The recyclability of the DES has been considered a vital factor in promoting the 

574 cost-effective and eco-friendly DES-based lignocellulose pretreatment. It is reported 

575 that the weakening of DES usually occurred in DES recycling (Wang and Lee, 2021). 

576 For example, Xie et al (Xie et al., 2021) have studied a BTEAC/FA system which 

577 could only result in 66.6% lignin yield with only 76.6% enzymatic hydrolysis yield at 

578 a severe pretreatment temperature of 150 °C and 2 h. Zhu et al. (Chen et al., 2018b) 

579 also performed three pretreatment circles which showed remarkable weakened 

580 pretreatment effects with an 25.66% lignin removal and 32.6% glucan digestibility. 

581 Comparing with these poor performances, as shown in Fig. S7, our DES exhibited 

582 outstanding recyclability and pretreatment ability even after 7th cycles (over 90% DES 

583 was recovered throughout the seven circles). The pretreatment performance 

584 represented by lignin removal and enzymatic saccharification yield was also studied. 

585 The lignin removal maintained around 70% in 2-4 cycles, then it significantly 
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586 declined and reached 42.78% after the 7th circulation. Notably, the 72-h enzymatic 

587 saccharification yields of glucan and xylan still reached 100% even after 7th 

588 circulation (see Fig. S8). The high DES recovery and its excellent fractionation ability 

589 will realize a renewable and sustainable biorefinery process. 

590  3.5 Mass balance

591 The mass balance based on 1000 g feedstock under the optimal condition 

592 (110 °C, 1:4 SLR) is shown in Fig. 9. After the pretreatment, 592.40 g solid residue 

593 could be recovered, which contained 368.02 g glucan, 33.01 g xylan, and 87.78 g 

594 lignin, indicating the significant removal of lignin and xylan during the pretreatment. 

595 The following enzymatic hydrolysis yielded 404.91 g glucose and 36.67 g xylose, and 

596 it can be used to produce various fuels and chemicals. It should be noted that certain 

597 amount of unknown hemicellulose degradation products existed in the 

598 pretreatment liquid, which is hard to be identified and quantified. Besides, 

599 196.28 g LMS could be directly obtained from the liquid phase as a coproduct, 

600 suggesting a high lignin yield of 97.11%. The DES could easily be separated from the 

601 liquid phase by evaporating the water and then reusing it, making the process 

602 renewable and sustainable. 
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603

604 Fig. 9. Mass balance schematic diagram of the proposed DES biorefinery sequence.

605 3.6 Greenness evaluation by GAPI parameters 

606 Green Analytical Procedure Index (GAPI) was first introduced by Płotka-

607 Wasylka (Płotka-Wasylka, 2018) to assess the green character of the entire analytical 

608 methodology . GAPI can well evaluate the green character of an entire analytical 

609 methodology from sample collection to final determination, which not only provides 

610 an immediate perceptible perspective to the user/reader but also offers exhaustive 

611 information on evaluated procedures. The outcome is a pictogram with several fields 

612 related to sample processing, sample preparation, amount and nature of chemicals, 

613 energy, and waste. A simple outlook at the GAPI pictogram can reveal the green 

614 index of the procedure and the areas which require further improvement in terms of 

615 greenness (Ahmed and Abdallah, 2020). We systematically evaluated our procedures 

616 according to the “Green Analytical Procedure Index parameters description” referred 
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617 to the previous publication (Sánchez-Camargo et al., 2019). In brief, the greenness 

618 can be evaluated by a pictogram (with five pentagrams) from green through yellow to 

619 red representing low, medium to high environmental impact (Fig. 10). As shown in 

620 Table S3, the pictogram involves each step evaluation of the possible procedures such 

621 as collection (1), scale of extraction (6), health hazard (11) or waste treatment (15).

622 Our DES pretreatment processes used nontoxic solvent of BDO, ChCl and AlCl3 

623 and low-toxic acetone, which can be classified as green solvents/regents (7), slightly 

624 toxic and irritant (10) and no special hazards (11). During the pretreatment, we 

625 applied high-solid loading using an amount of 10-100 mL (10-100 g) (9) and low 

626 energy consumption with no more than 1.5 kWh (12). Remarkably, all the solvents 

627 could be recovered with a high recovery yield over 90% (15), thus the waste was <1 

628 mL (<1 g) (14) throughout the pretreatment. After above GAPI analysis, green and 

629 yellow portions account for nearly total of the pictogram, indicating our DES process 

630 was green enough to make this biorefinery sustainable. 
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631
632 Fig. 10. GAPI assessment of the green profile of the evaluated procedures for the 
633 DES pretreatment.

634 4. Conclusions

635 This work demonstrated the synergistic products of digestible substrate and LMS 

636 using a one-step DES pretreatment at low temperature and high solid loading. Results 

637 showed that ~70% lignin removal with over 90% lignin recovery yield could be 

638 achieved at the optimized condition. A 100% enzymatic saccharification was obtained 

639 after the pretreatment. Recyclability of the DES solution demonstrated over 90% DES 

640 could be recovered, and its pretreatment efficiency representing by the lignin removal 

641 (42.78%-87.66%) and glucan enzymatic saccharification (100%) was still highly 

642 maintained even after 7 times recycling process. Notably, the recovered lignins 

643 exhibited a quite regular micro-spherical morphology with a controllable diameter 

644 varying from 1100 to 6182 nm. Overall, the novel strategy offers a new biorefinery 

645 paradigm for the generation of various products in one pot which could contribute to 
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646 establish a green and sustainable biorefinery sequence from both the economic and 

647 ecologic incentives.
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