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Highlights  25 

• Efficient enzymatic production of monomeric sugars from Miscanthus. 26 

• Isolation of a lignin-enriched fraction with mainly β-O-4’ interunit bonds.  27 

• Solubilization of phenolic compounds in [Emim][OAc] during 28 

pretreatment.  29 

• Enzymatic production of p-hydroxybenzaldehyde in recycled diluted 30 

[Emim] [OAc].  31 

 32 

Abstract  33 

The pretreatment of Miscanthus x giganteus with the ionic liquid 1-ethyl-3-34 

methylimidazolium acetate ([Emim][OAc]), followed by enzymatic hydrolysis and 35 

oxidative depolymerization, resulted in the efficient production of monomeric 36 

sugars and selective production of phenolic intermediates. The liquid fractions 37 

containing monomeric sugars were obtained with high yields (>80%), while a 38 

solid fraction enriched with lignin (>50% w.w-1) was isolated. The phenolic 39 

monomers released during [Emim][OAc]-pretreatment were identified and 40 

quantified by HPLC. A decrease in the content of vanillin, vanillic acid, and p-41 

hydroxybenzaldehyde was observed during pretreatment, suggesting a 42 

selective solubilization of guaicyl and p-hydroxyphenyl units from the lignin 43 

polymer in [Emim][OAc]. The decrease in p-coumaric and ferulic acids content 44 

suggested a cleavage of lignin-carbohydrate complexes during pretreatment. 45 

Both pretreatment and enzymatic hydrolysis affected the content of ferulic acid 46 

ether and ester bonds. The NMR structural study (2D HSQC) of the isolated 47 

lignin showed the preservation of β-O-4’ interunit bonds, while 31P NMR 48 



analysis revealed a high content of aliphatic hydroxyl groups. The oxidative 49 

depolymerization of the isolated lignin, catalyzed by the laccase mediator 50 

system in the presence of 5% v.v-1 recycled [Emim][OAc] in buffer, mainly led to 51 

the production of free p-hydroxybenzaldehyde as a promising platform 52 

molecule. The mass balance of glucan, xylan and lignin from Miscanthus was 53 

validated throughout this strategy.  54 

 55 

Graphical abstract 56 

 57 

 58 
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1. Introduction  63 

The co-valorization of the three main polymers obtained from lignocellulosic 64 

biomass (LCB) represents a key opportunity to ensure the economic viability 65 

and competitiveness of lignocellulosic biorefineries (Moreno et al., 2019; Narron 66 

et al., 2016). LCB polysaccharides, cellulose and hemicelluloses, have been 67 



widely studied in terms of fractionation and conversion into platform molecules 68 

for the production of biofuels or chemicals, as an alternative to petroleum-based 69 

products (Bhatia et al., 2021; R. Bhatia et al., 2020; Klemm et al., 2005). 70 

Similarly, the lignin polymer constitutes the largest reservoir of aromatic 71 

compounds and has enormous potential as a renewable feedstock for the 72 

production of valuable phenolic intermediates (Sun et al., 2018; Wang et al., 73 

2019; Zevallos Torres et al., 2020). Nonetheless, lignin is still considered as a 74 

by-product of the lignocellulosic biorefinery, with its applications currently 75 

restricted to low-value added products (2%) or cogeneration (Bajwa et al., 2019; 76 

Bertella and Luterbacher, 2020; Zhang and Naebe, 2021).  77 

Various approaches, including mechanical, chemical, physico-chemical and 78 

biological, have been developed to fractionate LCB and make its polymers more 79 

accessible for further valorization (Baruah et al., 2018; Rezania et al., 2020). 80 

However, the process conditions of some of these approaches can generate 81 

uncontrolled modifications that affect the structural integrity of the polymers, 82 

especially for the lignin fraction. Furthermore, the complex and heterogeneous 83 

structure of lignin is highly sensitive to the extraction conditions of the most 84 

common lignin isolation processes (Kraft, lignosulfonate, soda, and Organosolv) 85 

(Bajwa et al., 2019; Kim and Um, 2020; Laurichesse and Avérous, 2014; 86 

Sethupathy et al., 2022). The use of inorganic salts, acids, strong bases, and 87 

organic solvents with questionable safety, are well known to greatly impact the 88 

chemical and structural properties of lignin (sulfur content and C-C bonds) and 89 

its reactivity, limiting the possibilities for chemical and enzymatic 90 



transformations (Hulin et al., 2015; Patil et al., 2020; Talebi Amiri et al., 2019; 91 

Yu and Kim, 2020). 92 

Ionic liquids (ILs) have been proven to be an excellent option to fractionate 93 

lignocellulosic biomass. While most studies have focused on improving the 94 

enzymatic digestibility of the polysaccharide fraction from pretreated biomass, 95 

new research interest has emerged in the recovery and valorization of the lignin 96 

fraction solubilized in ILs (Elgharbawy et al., 2016; Goshadrou and Lefsrud, 97 

2017; Lee et al., 2022; Sathitsuksanoh et al., 2014; Smuga-Kogut et al., 2021; 98 

Usmani et al., 2020; Yoon et al., 2012). The recovery of lignin from ILs is not 99 

straightforward, often requiring the use of additional organic solvents or acidic 100 

reagents to induce precipitation (An et al., 2015; Brandt-Talbot et al., 2017; 101 

Ovejero-Pérez et al., 2020). Moreover, structural characterization of the 102 

recovered lignin revealed a decrease in the β-O-4’ interunit linkages in the lignin 103 

polymer, suggesting a significant depolymerized and/or condensed state 104 

compared to milled wood lignin or cellulolytic enzyme lignin (Sathitsuksanoh et 105 

al., 2014; Sun and Xue, 2018; Tian et al., 2017). 106 

Therefore, it seems relevant to focus on a lignin obtained from biomass 107 

pretreated with ionic liquid followed by enzymatic hydrolysis, which may 108 

preserve the structural integrity of this polymer. We may assume that the 109 

preserved structure would be more sensitive to depolymerization by oxidative 110 

enzymes while preserving the possibility of producing phenolic intermediates. 111 

To our knowledge, only a few studies have reported the transformation of this 112 

type of lignin into aromatic compounds. Particularly, Ninomiya and collaborators 113 

(Ninomiya et al., 2018) succeeded in a chemical oxidative depolymerization of 114 



IL-enzymatic hydrolysis lignin, under drastic experimental conditions and the 115 

depolymerization profiles were compared to those of a soda lignin. A more 116 

sustainable alternative to convert the lignin polymer into phenolic intermediates 117 

is the oxidative depolymerization catalyzed by the laccase-mediator system 118 

(LMS, E.C. 1.10.3.2). However, the efficiency of laccase-catalyzed lignin 119 

depolymerization is limited by the very low solubility of the lignin polymer in 120 

aqueous enzymatic reaction medium (Harwardt et al., 2014; Singh Arora and 121 

Kumar Sharma, 2010) and the usual co-solvents or solvents (dimethyl sulfoxide, 122 

N,N’-dimethylformamide, acetone, dioxane) used to solubilize the lignin polymer 123 

are not suitable to maintain laccases structure and activity (Dillies et al., 2020).  124 

In this context, the present work reports the application of a sequential strategy 125 

on the dedicated crop Miscanthus x giganteus to co-valorize cellulose, 126 

hemicelluloses and lignin polymers. Short-time IL-pretreatment of Miscanthus at 127 

mild temperature was performed, followed by subsequent enzymatic hydrolyses 128 

catalyzed by (hemi)-cellulolytic enzymes, to generate monomeric sugars. Then, 129 

the isolated lignin-enriched solid fraction was subjected to enzymatic oxidative 130 

depolymerization to obtain high-value phenolic intermediates. The room 131 

temperature ionic liquid [Emim][OAc] was selected for its ability to dissolve LCB 132 

biopolymers and its acceptability in terms of eco-cytotoxicity and recyclability (S. 133 

K. Bhatia et al., 2020; Ostadjoo et al., 2018; Zhang et al., 2017). The impact of 134 

the steps performed on structural and chemical properties of the isolated lignin-135 

enriched fraction was evaluated by biochemical, spectroscopic (FTIR, NMR), 136 

and microscopic (ESEM) methods providing additional chemical/structural 137 

details and mechanistic insights of phenolic compounds and the lignin polymer. 138 



Finally, the feasibility of enzymatic oxidative depolymerization of the isolated 139 

lignin-enriched fraction catalyzed by a laccase-mediator system (LMS) was 140 

investigated for the first time in presence of the [Emim][OAc] used during the 141 

pretreatment step, as an alternative to the usual organic co-solvents. To confirm 142 

the validity of our approach, a mass balance of glucan, xylan and lignin was 143 

established. 144 

 145 

2. Material and methods 146 

2.1. Feedstock composition 147 

Miscanthus x giganteus from organic farming in the Hauts-de-France region 148 

was provided by The Institut Charles Viollette (UMRT-BioEcoAgro UMR 1158, 149 

Lille, France). To ensure the homogeneity of the size of particles, Miscanthus x 150 

giganteus samples were milled with a planetary ball mill (Retsch MM400) during 151 

90 s at a frequency of 25 s-1 to achieve a particle size of less than 800 µm 152 

(determined by SEM analysis). The biomass powder was freeze-dried 153 

(LABCONCO FreeZone 2.5, USA) to ensure a residual water content below 1% 154 

w.w-1. The untreated and conditioned biomass of Miscanthus x giganteus is 155 

named as Mxg and its chemical composition (Table 1) was determined based 156 

on NREL protocols (Browning, 1967; Sluiter et al., 2012, 2005a, 2005b).  157 

 158 

 159 

 160 

 161 

 162 



Table 1. Chemical composition of Miscanthus x giganteus.  163 

Component 
Experimental values 

(%w.w-1 DM) 
Reported values for Mxg 

(%w.w-1 DM) 

Ash 3.9 ± 0.1 3.1 ± 0.01 

Ethanol extractives 4.5 ± 0.6 6.7 ± 0.21 
Cellulose 46.2 ± 0.8 44.8 ± 0.22 // 50.34- 52.133 

Acid-insoluble lignin (AIL) 24 ± 1 
22.8 ± 0.11 // 23.8 ± 2.74 // 

24.15 (leaves) // 25.65 
(stalks) // 18.866 

Acid-soluble lignin (ASL) 16 ± 2 
0.9 ± 0.01 // 0.105 (leaves) // 

0.115 (stalks) 

Structural 
sugars 

D-Glucose 45.2 ± 1.8 38.6 ± 0.21 (Glucan) // 45.3 
± 0.84 // 49.526 

D-Xylose 21.7 ± 0.8 20.4 ± 0.11 (Xylan) // 
22.136 // 22.3 ± 1.77 

L-Arabinose 2.1 ± 0.1 
2.8 ± 0.01 (Arabinan) // 

3.266 // 3.4 ± 0.97 

D-Galactose 0.7 ± 0.1 0.7 ± 0.01 (Galactan) // 
0.626 

n=3, average values ± standard deviation. DM= Dry matter. Source: 1R. Bhatia et al. 164 

(2020), 2Auxenfans et al. (2014), 3Brosse et al. (2012), 4 Auxenfans et al. (2017a), 5Kim 165 

et al. (2012), 6Le Ngoc Huyen et al. (2010), 7Auxenfans et al. (2017b). 166 

 167 

2.2. Chemicals and enzymes 168 

1-ethyl-3-methylimidazolium acetate ([Emim][OAc], >98%,) was acquired from 169 

Solvionic S.A. (Verniolle, France). The enzymatic cocktail Cellic® Ctec 2 170 

prepared at 15 FPU.g-1 of substrate (2.0 mg of glucose from 50 mg of filter 171 

paper has been designated as the intercept to calculate filter paper cellulase 172 

units (FPU) by IUPAC) and the laccase enzyme (specific activity ≥0.5 U.mg-1; U: 173 

one unit corresponds to the amount of enzyme which converts 1 µmol of 174 

catechol per min at 25 °C and pH 5.0) from Trametes versicolor were supplied 175 

by Sigma-Aldrich (Steinheim, Germany). The ABTS, 2,2′-azino-bis(3-176 

ethylbenzothiazoline-6-sulfonic acid) diammonium salt, was purchased from 177 

Roche Diagnostics (GmbH, Germany). D-glucose, D-xylose, L-arabinose, and 178 



D-galactose were purchased from Sigma Aldrich (Steinheim, Germany), and D-179 

cellobiose was purchased from MP Biomedicals (France). Vanillin, vanillic acid, 180 

vanillyl alcohol, 4-hydroxybenzoic acid, syringic acid, syringaldehyde, p-181 

coumaric acid, ferulic acid, sinapic acid, benzoic acid, syringol, catechol, 182 

resorcinol, p-hydroxybenzaldehyde, 3,4,5-trimethoxycinnamic acid, N-183 

hydroxypthalimide, chromium (III) acetylacetonate and 2-chloro-4,4,5,5-tetra-184 

methyl-1,3,2-dioxaphospholane (TMDP), were provided by Sigma-Aldrich 185 

(Steinheim, Germany).  186 

 187 

2.3. Co-valorization strategy for cellulose, hemicelluloses and lignin 188 

from Mxg 189 

The general description of the implementation, based on [Emim][OAc]-190 

pretreatment, enzymatic hydrolysis, and the laccase-mediator system is shown 191 

in Figure 1.  192 

 193 

Figure 1. General co-valorization strategy of the three polymers of Mxg. Mxg= 194 

untreated Miscanthus. EH Mxg= hydrolyzed Miscanthus, PT Mxg= pretreated 195 

Miscanthus. PT-EH Mxg= pretreated and hydrolyzed Miscanthus. PT-EH2 Mxg= 196 

pretreated and double hydrolyzed Miscanthus. PT= Ionic liquid pretreatment. 197 

EH= Enzymatic hydrolysis. EOD= Enzymatic oxidative depolymerization.  198 

 199 

2.3.1.  [Emim][OAc]-pretreatment 200 

The pretreatment step (PT) was performed under the established conditions 201 

described by Auxenfans and collaborators (Auxenfans et al., 2014). Briefly, Mxg 202 

(2% w.v-1) was added to [Emim][OAc] and incubated at 110 °C under vigorous 203 



stirring for 40 min (n>3). The samples were cooled and ultrapure water (2:1 204 

water: IL v:v) was added as antisolvent (vigorous stirring, 30 min). Samples 205 

were then centrifugated (13776 rcf, 10 min, 4 °C, Eppendorf Centrifuge 5810 R, 206 

Germany) and the liquid fraction was recovered and placed in a rotary 207 

evaporator (Büchi Rotavapor R-200) to recover the recycled [Emim][OAc]. The 208 

recovered solid was successively washed with ultrapure water until a 209 

conductivity of σ< 5 µS, and then freeze-dried. The recovered solid fraction is 210 

named as pretreated Miscanthus (PT Mxg) (Figure 1). 211 

 212 

2.3.2. Enzymatic hydrolysis  213 

Enzymatic hydrolysis (EH) was performed following the conditions described by 214 

Araya and collaborators. (Araya-Farias et al., 2019). Briefly, biomass (2% w.v-1) 215 

was added to citrate-phosphate buffer (50 mM, pH 5.5) with a final Cellic® 216 

Ctec2 concentration of 15 FPU.g-1 of substrate (n>3). Samples were incubated 217 

at 50 °C for 72 h under continuous stirring (time to reach the maximum sugars 218 

yield. Table A1. Supplementary data). The reaction was stopped by incubating 219 

the samples at 90 °C for 20 min. Then they were centrifuged (13776 rcf, 10 min, 220 

4 °C, Eppendorf Centrifuge 5810 R, Germany), the hydrolysis supernatant was 221 

collected for the quantification of total sugars and the recovered solid was 222 

consecutively washed with ultrapure water and freeze-dried. The recovered 223 

solid fraction after enzymatic hydrolysis of Mxg is named hydrolyzed 224 

Miscanthus (EH Mxg) and from PT Mxg is called pretreated and hydrolyzed 225 

Miscanthus (PT-EH Mxg). A second hydrolysis was performed under the same 226 



conditions with PT-EH Mxg as substrate producing the PT-EH2 Mxg solid 227 

fraction (Figure 1).  228 

 229 

2.3.3. Enzymatic oxidative depolymerization 230 

Enzymatic oxidative depolymerization (EOD) was carried out in presence of the 231 

laccase from Trametes versicolor and ABTS (2,2′-azino-bis (3-232 

ethylbenzothiazoline-6-sulfonic acid) diammonium salt as mediator (Laccase-233 

Mediator System, LMS), under conditions adapted from the literature (Dillies et 234 

al., 2020; Harwardt et al., 2014). Twenty mg of PT-EH2 Mxg (0.2% w.v-1) were 235 

added to 250 µL of acetate buffer (0.1 M; pH 4.5), pure [Emim][OAc] or recycled 236 

[Emim][OAc], and kept at 30 °C for 24 h under continuous stirring. Then, ABTS 237 

and laccase solutions in acetate buffer (pH 4.5) were added to achieve a final 238 

reaction volume of 5 mL and a concentration of 0.5 g.L-1 and 20 U.mL-1, 239 

respectively. Samples were maintained at 30 °C for additional 24 h. After the 240 

enzymatic reaction, the mixture was freeze-dried (LABCONCO FreeZone 2.5, 241 

USA), the recovered solid was dissolved in 1 mL of water: methanol (1:1) and 242 

kept in constant agitation at 25 °C for 24 h. The samples were centrifuged 243 

(11357 rcf, 10 min, MiniSpin® Eppendorf, Germany) and the supernatant was 244 

collected and stored at -20 °C until further HPLC analysis was performed for the 245 

identification and quantification of phenolic compounds. 246 

 247 

2.4. Chemical composition 248 

Total lignin (acid-insoluble lignin and acid-soluble lignin) and total structural 249 

carbohydrates of solid fractions were determined by two-step acid hydrolysis 250 



(H2SO4 at 72% and 2.5%, n=3) according to the NREL Laboratory Analytical 251 

procedure (Sluiter et al., 2012). The content of phenolic monomers of solid 252 

fractions was determined following a basic hydrolysis (NaOH 4.0 M at 170 ° for 253 

2 h and NaOH 2.0 M at 35 °C for 2 h) based on previous study (Auxenfans et 254 

al., 2017a). Phenolic monomers from basic hydrolysis supernatant or oxidative 255 

depolymerization supernatant were identified and quantified by high 256 

performance liquid chromatography (HPLC) equipped with a Symmetry C18 257 

column (4.6 mmx250 mm) and a Waters photodiode array UV detector at 280 258 

nm. The detailed procedures are presented in section 1. Material and methods. 259 

Supplementary data. 260 

 261 

2.5. Analytical procedures  262 

The solid fractions were characterized by infrared spectroscopy using a 263 

Shimadzu FT-IR 8400S spectrometer (Shimadzu, France) in the Attenuated 264 

Total Reflectance (ATR) analysis mode.  265 

The lignin-enriched fraction (PT-EH2 Mxg) was analyzed by NMR (nuclear 266 

magnetic resonance) after solubilization in dimethyl sulfoxide-d6 (10% w.v-1) 267 

using 1D and 2D NMR techniques. The experiments were performed on a 268 

spectrometer (Bruker Avance 600 MHz) equipped with a 5mm BBI probe 269 

operating at 150.9128 MHz (13C channel) and 600.1700 MHz (1H channel) at 25 270 

°C. The HSQC cross signals were assigned based on the literature (Table A2. 271 

Supplementary data). A semiquantitative analysis of the HSQC cross-signal 272 

intensities in the aromatic region (δC/ δH 100-150/5.0-9.0) was performed 273 

according to the literature (Tarasov et al., 2018).  274 



The quantification of hydroxyls groups of PT-EH2  Mxg fraction was performed 275 

by 31P NMR (Argyropoulos, 1995, 1994; Husson et al., 2019). NMR spectra 276 

were acquired using a 500 MHz spectrometer (Avance III HD 500 MHz, Bruker, 277 

500,0800 MHz for 1H canal) equipped with a 5mm BBI probe operating at 278 

202,4360 MHz. The assignment was carried out according to the data in the 279 

literature and the functional OH group was calculated in relative amount 280 

(Argyropoulos et al., 2021; Crestini and Argyropoulos, 1997; Fi et al., 2013; 281 

Husson et al., 2019).  282 

The morphology of the solid fractions was characterized using a Quanta 200 283 

FEG Environmental Scanning Electron Microscope (ESEM, FEI Company, 284 

USA). The detailed procedures are presented in section 1. Material and 285 

methods. Supplementary data. 286 

The error bars shown in the figures represent the standard deviation of the 287 

mean values. An analysis of variance (ANOVA) was performed followed by 288 

Tukey’s test for multiple comparisons with a significance level of probability (p< 289 

0.05) (JMP software).  290 

 291 

3. Results and discussion 292 

3.1. Sugar production and isolation of a lignin-enriched solid fraction 293 

The content of glucan, xylan, monomeric sugars and lignin of the solid fractions 294 

was determined (Figure 2). The solid fraction recovered after [Emim][OAc]-295 

pretreatment (PT Mxg) had a similar content of xylan and ASL compared to 296 

Mxg, whereas a significant increase in the glucan fraction and a significant 297 

reduction in the content of AIL were observed (Figure 2.a). The delignification 298 



level correlated with the amount of solubilized lignin in [Emim][OAc] ionic liquid, 299 

estimated at 10 ± 1 g.100 g-1 DM of Mxg. This capacity of [Emim][OAc] to 300 

dissolve the lignin polymer from the lignocellulosic matrix may be related to its 301 

ability to promote H-bonding, associated to its high Kamlet-Taft Basicity (β) 302 

value of 0.95 (Lopes et al., 2017; Usmani et al., 2020). The PT Mxg fraction had 303 

a higher D-glucose content than Mxg, while the content of D-xylose, L-304 

arabinose and D-galactose remained constant (Figure 2.b). Thereby, the 305 

pretreatment with [Emim][OAc] did not significantly affect the carbohydrate 306 

content which is advantageous over other pretreatments such as Organosolv, 307 

liquid hot water or dilute acid- or alkali pretreatments. This could be of particular 308 

interest to preserve LCB polymers for further transformation and not only for 309 

bioethanol production (Husson et al., 2018). 310 

The enzymatic hydrolysis of PT Mxg provided a solid fraction namely PT-EH 311 

Mxg with a reduced content of glucan and xylan of 29 ± 1 and 8.1 ± 0.8 g.100 312 

g-1 DM, respectively (Figure 2.a). Therefore, 82% of D-glucose and 92% of D-313 

xylose were recovered in the liquid fraction (supernatant), showing a substantial 314 

improvement in the enzymatic digestibility of Mxg after pretreatment (<10% for 315 

untreated Mxg) (Table A1. Supplementary data). The recovery of monomeric 316 

sugars by effective polysaccharide hydrolysis led to lignin enrichment. The first 317 

solid fraction enriched in lignin, PT-EH Mxg, had an AIL content of 43 g.100 g-1 
318 

DM (Figure 2.a). Although high sugar yields were obtained during the first 319 

enzymatic hydrolysis, the polysaccharide content of PT-EH Mxg remained 320 

significant. Additional enzymatic hydrolysis of PT-EH Mxg further reduced the 321 

glucan content (17 ± 1 g.100 g-1 DM) while no changes in xylan content were 322 



observed. This allowed the isolation of a new solid fraction, caused by the 323 

removal of the glucan fraction, named PT-EH2 Mxg, with an AIL content of 52 g 324 

of lignin.100 g-1 DM (Figure 2.a).  325 

  
(a) (b) 

Figure 2. Polysaccharide and lignin composition (a), and sugar composition (b) 326 

of the recovered solid fractions after [Emim][OAc]-pretreatment and enzymatic 327 

hydrolyses of Mxg. Average values ± standard deviation. Different letters for the 328 

same component are significantly different (p<0.05). 329 

 330 

3.2. Insight into the fate of phenolic compounds 331 

The fate of guaiacyl (G) (e.g vanillin, vanillic acid, vanillyl alcohol), syringyl (S) 332 

(e.g syringic acid and syringaldehyde) and p-hydroxyphenyl (H) (e.g 4-333 

hydroxybenzoic acid and 4 -hydroxybenzaldehyde) type monomers of the lignin 334 

polymer and identified in raw Mxg, was studied for each generated solid fraction 335 

(Figure 3.a). [Emim][OAc]-pretreatment significantly decreased the content of 336 

vanillin, vanillin acid, and p-hydroxybenzaldehyde by 54%, 27%, and 85%, 337 

respectively. The molar S/G ratio increased from 0.59 for Mxg to 0.90 for PT 338 

Mxg, suggesting a preferential removal of some G units during pretreatment. 339 

After enzymatic hydrolysis, the relative content of all phenolic compounds 340 
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increased slightly in PT-EH Mxg and PT-EH2 Mxg compared to PT Mxg (Figure 341 

3.a), illustrating the lignin enrichment in both fractions. The ratio S/G of PT-EH 342 

Mxg (0.90) and PT-EH2 Mxg fractions (0.92) remained constant, suggesting a 343 

preservation of the structural units of the lignin polymer during enzymatic 344 

hydrolyses. For the final fraction enriched in lignin (PT-EH2 Mxg) a S/G/H ratio 345 

of 40/44/16 was determined, which is consistent with the reported values for 346 

untreated Miscanthus (Jung et al., 2020). 347 

Concerning the fate of hydroxycinnamic acids (ferulic and p-coumaric acids), p-348 

coumaric acid content in raw Mxg was 18.8 mg.g-1, mainly linked by ester-349 

bonds (85%) (Figure 3.b). Ferulic acid was identified with a lower content of 4.6 350 

mg.g-1 (Figure 3.c), while ester-linked to carbohydrates (65%) and ether-linked 351 

to lignin (35%). The pretreatment significantly decreased the content of both 352 

acids and modified the proportion of ether and ester bonds only for ferulic acid 353 

(Figure 3.b and Figure 3.a). Indeed, [Emim][OAc] induced cleavage of ferulic 354 

acid-lignin ether linkages significantly reducing ether bonds to 6%, while 355 

increasing ester bonds to 94%. On the contrary, both ester and ether bonds of 356 

p-coumaric acid decreased, probably due to cleavage of lignin-carbohydrates 357 

complexes (LCC) (Sathitsuksanoh et al., 2014; Yoo et al., 2017). After the first 358 

enzymatic hydrolysis, the content of ferulic acid in the PT-EH Mxg fraction was 359 

significantly reduced to 1.65 mg.g-1 confirmed by the release observed in the 360 

hydrolysate (data not shown). Ferulic acid content was then unchanged in PT-361 

EH2 Mxg fraction (Figure 3.c). However, the proportion of ether and ester 362 

bonds in ferulic acid was modified during enzymatic hydrolysis, returning to the 363 

same percentages as those observed in raw Mxg (Figure 3.c). Unlike ferulic 364 



acid, enzymatic hydrolyses induced a significant increase in p-coumaric content 365 

to 20.4 mg. g-1 for the PT-EH2 Mxg fraction, reaching the initial content observed 366 

in Mxg (Figure 3.b). 367 

 
(a) 

  
(b) (c) 

Figure 3. Phenolic monomers content (a), ether- and ester-linked p-coumaric 368 

(b) and ether- and ester-linked ferulic acid (c) content of the recovered solid 369 

fractions before and after [Emim][OAc]-pretreatment and enzymatic hydrolyses 370 

of Mxg. Average values ± standard deviation. Different letters for the same 371 

phenolic compound are significant different (p<0.05). Different letters for the 372 

same type of bond (ether or ester) are significantly different (p<0.05). 373 
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3.3. Insight into the structure of the constitutive polymers 377 

FTIR spectra of each generated solid fraction revealed the presence of 378 

polysaccharides and lignin in agreement with the results of chemical 379 

composition (Figure 4). The band at 1156 cm-1 was attributed to the C1-O-C4’ 380 

asymmetric stretching of cellulose and hemicelluloses and was more intense in 381 

Mxg and PT Mxg than in PT-EH Mxg and PT-EH2 Mxg fractions, confirming the 382 

efficient enzymatic hydrolysis of polysaccharides. 383 

The region between 1600 cm-1 and 1226 cm-1 reflected the contribution of the 384 

lignin polymer (Beckham et al., 2016; Horikawa et al., 2019; Wang et al., 2012). 385 

These characteristic bands of lignin (Table A3. Supplementary data) became 386 

more defined in the PT-EH Mxg and PT-EH2 Mxg spectra (Figure 4) confirming 387 

the lignin enrichment. The determination of the cross-linked lignin (CLL) 388 

parameter (Figure 4) for each solid fraction suggested that a slight lignin 389 

condensation would occur throughout the processing steps. The structural 390 

changes observed by FTIR spectroscopy were confirmed by solid CP-MAS 13C 391 

NMR, with observed modifications of polysaccharide fractions and lignin 392 

enrichment in the final solid fraction (PT-EH2 Mxg) (Figure A2. Supplementary 393 

data). 394 



 395 

Figure 4. FTIR spectra of the recovered solid fractions before and after 396 

[Emim][OAc]-pretreatment and enzymatic hydrolyses of Mxg. CLL= Cross-397 

linked lignin (Calculated as the ratio between band intensities at 1508 cm-1 and 398 

1600 cm-1). 399 

 400 

Two-dimensional 1H-13C NMR was performed to provide essential information 401 

about the structural units and interunit linkages of the lignin polymer in the 402 

lignin-enriched fraction (PT-EH2 Mxg). Cross-signal assignment was performed 403 

according to literature data (Guo et al., 2020; Imman et al., 2021; Villaverde et 404 

al., 2009; Wang et al., 2018, 2012; Yuan et al., 2011; Zhao et al., 2017). The 405 

spectra of the side-chain (δC/ δH 50-100/ 2.0-6.0 ppm) and aromatic (δC/ δH 100-406 

150/5.0-9.0) lignin regions are shown in Figure 5. The methoxy substituents 407 

(MeO) in the side chain region of the spectrum (Figure 5.a) were detected with 408 

a very prominent signal. The presence of carbohydrates (CHO) in the lignin-409 

enriched fraction is confirmed by cross-signals in the δC/ δH 70-80/ 3-4 ppm 410 

region. Side chain signals from β-aryl-ether (β-O-4’) interunit linkages were 411 

dominant (A 
γ, A’γ, Aα, Aβ(G) and Aβ(S)), while cross-peaks corresponding to the 412 

linkages of the phenylcoumaran (β-5’) and resinol (β-β’) condensed 413 

substructures were not detected. The predominance of β-O-4’ interunit linkages 414 
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in PT-EH2 Mxg suggested a preservation of the lignin polymer structure after 415 

[Emim][OAc]-pretreatment and enzymatic hydrolyses of Mxg. This 416 

predominance has already been reported for a milled wood lignin from 417 

Miscanthus x giganteus (β-O-4’/ β-5’/ β-β’; 93/3/4), typically called “native lignin” 418 

(Villaverde et al., 2009).  419 

Furthermore, in the aromatic region of the HSQC spectra (Figure 5.b), cross-420 

signals from syringyl (S) and guaiacyl (G) lignin units were detected with high 421 

intensity. The presence of p-coumarate (pCa) and ferulate (FA) substructures 422 

was well distinguished in the aromatic region, characteristic of herbaceous 423 

lignin. The S/G/H ratio was evaluated as 47/53/0 confirming the predominance 424 

of S- and G-units in the isolated lignin, similar value of a milled wood lignin from 425 

Miscanthus (44/52/4) (Hage et al., 2009).The S/G ratio of 0.90 obtained by 426 

HSQC agreed with the value determined from the phenolic monomer 427 

composition data (Figure 3.a). These results suggested the isolation of a lignin-428 

enriched fraction with a preserved structure (high content of β-O-4’ bonds) and 429 

few recondensed structures, in contrast to some technical lignins (Deuss and 430 

Kugge, 2021; Tian et al., 2017). These characteristics would be suitable to 431 

consider further efficient enzymatic oxidative depolymerization (Guo et al., 432 

2020; Tian et al., 2017). 433 



 

(a) (b) 

 
(c) 

Figure 5.Side-chain (a) and aromatic (b) regions of the 1H-13C HSQC NMR 434 

spectra of the lignin-enriched fraction (PT-EH2 Mxg) and (c) main interunit 435 

linkages, units and substructures identified from the lignin polymer. 436 

 437 

The 31P -NMR spectra of PT-EH2 Mxg (Figure 6) obtained after derivatization is 438 

similar to the obtained for a “native lignin” from Miscanthus x giganteus (Hage et 439 

al., 2009), for which considerable amount of aliphatic hydroxyls groups and low 440 

amount of syringyl units were identified. The lignin-enriched fraction presented 441 

high relative content of aliphatic OH (~0.91) and lower content of OH-Syringyl 442 

(~0.006), OH-guaicyl (~0.03), OH-p-hydroxyphenyl (~0.03), and OH-carboxylic 443 

acid functional groups (~0.02) (Table 2). The signal attributed to OH-p-444 

hydroxyphenyl may be principally the one of p-coumaric units, as previously 445 

described for an isolated lignin from Miscanthus (Hage et al., 2009) and also in 446 

agreement with the HSQC results. 447 
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 448 

Figure 6. 31P-NMR spectrum of PT-EH2 Mxg after derivatization with 2-chloro-449 

4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP). 450 

 451 

Table 2. Hydroxyl group relative content of the recovered lignin-enriched 452 

fraction determined by 31P-NMR.  453 

Functional group Abbreviation 
Chemical shift 

δ (ppm) 
Relative content 

PT-EH2 Mxg 
Aliphatic OH OHaliph 145.5-150.0 0.9140 ± 0.0081 
OH-Syringyl OHS 142.7-143.2 0.0055 ± 0.0002 
OH-Guaicyl OHG 139,0-140.2 0.0290 ± 0.0049 

OH-p-Hydroxyphenyl OHH 137.3-138.8 0.0285 ± 0.0015 
OH-Carboxylic acid OHCOOH 133.6-136.0 1.230 ± 0.0014 

 454 

3.4. Insight into morphological observations of solid fractions 455 

SEM micrograph of Mxg revealed the presence of compact and highly ordered 456 

fibers constituted by parallel stripes (Figure 7.a), as already reported 457 

(Auxenfans et al., 2017a, 2014). After [Emim][OAc]-pretreatment, the structural 458 

changes of Mxg are detected by the appearance of a smooth and more porous 459 

surface, which completely breaks down the initial microfibril network (Figure 460 

7.b). The resulting pretreated material appeared more disorganized and 461 

expanded, with a larger surface area, which helps to explain the improved 462 

accessibility of hemicellulolytic enzymes to polymeric carbohydrates. The lignin-463 
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enriched fractions (PT-EH Mxg and PT-EH2 Mxg) showed an irregular 464 

morphology with sparse fibers and sheets in a poorly organized structure 465 

(Figure 7.c and Figure 7.d). In the literature, SEM micrographs of a solid 466 

fraction recovered after hydrothermal pretreatment and enzymatic hydrolysis of 467 

wheat straw showed rings and spirals attributed to secondary cell walls, which 468 

constitute vascular bundles with more lignified cell walls (Hansen et al., 2011). 469 

Based on this hypothesis, we suggested that the exposed fibers and sheets 470 

observed for the PT-EH Mxg and PT-EH2 Mxg fractions may consist of the lignin 471 

polymer bound to residual polysaccharides. 472 

 473 

Figure 7. SEM micrographs of the recovered solid fractions after [Emim][OAc]-474 

pretreatment and enzymatic hydrolyses of Mxg. 475 

 476 

 477 



3.5. Mass balance of glucan, xylan and lignin  478 

The fate of the main constituent polymers of Mxg and their respective masses in 479 

the different solid and liquid fractions throughout the sequential strategy is 480 

presented in Figure 8. The glucose mass balance evidenced a recovery of 481 

nearly 90% of D-glucose from Mxg in the liquid fractions while the remaining 482 

10% was retained in the final solid fraction (PT-EH2 Mxg), suggesting total 483 

recovery of D-glucose during the processing steps. Regarding the fate of D-484 

xylose, the respective mass balance evidenced the recovery of 70% of D-xylose 485 

in hydrolysate and 10% in the final solid fraction. The remaining part (20%) was 486 

suggested to be solubilized in [Emim][OAc] highlighting a limited 487 

depolymerization of hemicelluloses during pretreatment. Finally, the sequential 488 

strategy allowed the isolation of 38% of the lignin polymer in the final solid 489 

fraction (PT-EH2 Mxg), while 25% was solubilized in [Emim][OAc]. This global 490 

mass balance provided valuable data on the validity of this sequential strategy. 491 



 492 

Figure 8. Global mass balance of polysaccharides and lignin after [Emim][OAc]-pretreatment and enzymatic hydrolyses of 493 

Mxg. Mxg= untreated Miscanthus, PT Mxg= pretreated Miscanthus. PT-EH Mxg= pretreated and hydrolyzed Miscanthus. PT-494 

EH2 Mxg= pretreated and double hydrolyzed Miscanthus, D-Glu= D-Glucose, D-Xyl= D-Xylose, AIL= acid insoluble lignin, 495 

ASL= acid soluble lignin.  496 



3.6. Feasibility of enzymatic oxidative depolymerization of isolated 497 

lignin 498 

Due to the high solubility of lignin in [Emim][OAc] (Figure A3. Supplementary 499 

data), the feasibility of LMS-catalyzed oxidative depolymerization of the lignin-500 

enriched fraction in acetate buffer with [Emim][OAc] or recycled [Emim][OAc] as 501 

co-solvent, was studied. The [Emim][OAc] at 5% (v.v-1) concentration was 502 

selected to ensure a compromise between substrate solubility and enzyme 503 

activity (Harwardt et al., 2014).  504 

Regardless of the reaction medium, the LMS-catalyzed reaction led to the 505 

release of p-hydroxybenzaldehyde, as identified by HPLC. Similar 506 

concentrations were obtained in presence or absence of [Emim][OAc] (0.16 507 

mg.L-1 and 0.14 mg.L-1 of p-hydroxybenzaldehyde, respectively) (Figure 9.a). 508 

Although the accessibility of the lignin-enriched substrate was expected to 509 

increase in the reactional medium supplemented with [Emim][OAc], no 510 

improvement in the reaction was observed, and the performance and selectivity 511 

of the LMS-catalyzed reaction did not seem to be affected. However, in 512 

presence of recycled [Emim][OAc], the amount of p-hydroxybenzaldehyde 513 

increased by a factor of 1.5, reaching a concentration of 0.23 ± 0.03 mg. L-1. 514 

This higher concentration of p-hydroxybenzaldehyde highlighted the cumulative 515 

effects of (i) production by the LMS-catalyzed reaction (0.17 mg. L-1) and (ii) 516 

previous solubilization in the ionic liquid [Emim][OAc] during pretreatment (0.06 517 

mg. L-1 after dilution in aqueous buffer) (Figure 9.a and Figure 9.b). Although 518 

vanillic acid, syringic acid, vanillin, ferulic acid and p-coumaric acid were also 519 

quantified in recycled [Emim][OAc] (Figure 9.b), their absence in the media at 520 



the end of the reaction suggested possible repolymerization reactions 521 

(Abdelaziz et al., 2016; Hilgers et al., 2018; Maijala et al., 2012). In the three 522 

reactive media, the production of p-hydroxybenzaldehyde from the lignin-523 

enriched solid fraction (PT-EH2 Mxg) by the LMS-catalyzed oxidative 524 

depolymerization reaction was demonstrated. The interest for this compound is 525 

related to its biological, antioxidant, flavoring, and antibacterial properties 526 

(Bountagkidou et al., 2010; Oh et al., 2017). 527 

  
(a) (b) 

Figure 9. (a) Concentration of p-hydroxybenzaldehyde generated by the LMS-528 

catalyzed oxidative depolymerization reaction in buffer acetate, buffer acetate + 529 

[Emim][OAc] and buffer acetate + recycled [Emim][OAc] after 24 h. (b) Phenolic 530 

monomers concentration in the initial reaction medium with recycled 531 

[Emim][OAc]. n=2. Average values ± standard deviation. 532 

 533 

4. Conclusions  534 

The pretreatment with the ionic liquid [Emim][OAc] and subsequent enzymatic 535 

transformations allowed the integrated co-valorization of cellulose, 536 

hemicelluloses and lignin polymers from Miscanthus x giganteus. Monomeric 537 

sugars (D-glucose and D-xylose) were produced with high hydrolysis 538 

performances. This study provides information on the fate of some valuable 539 
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phenolic compounds from the lignocellulosic matrix during the different 540 

processing steps. It was found that even steps not targeting the lignin polymer 541 

have an impact on the release of phenolic compounds. A lignin-enriched solid 542 

fraction was isolated, with a promising content superior to 50% w.w-1. The 543 

performed structural and morphological studies evidenced the preserved 544 

structural integrity of lignin, similar to the so-called “native lignin”. The mass 545 

balance closure for lignin and polysaccharides validated the pertinence of the 546 

strategy. Finally, the feasibility of enzymatic oxidative depolymerization of the 547 

isolated lignin fraction for the production of phenolic intermediates such as p-548 

hydroxybenzaldehyde was demonstrated. 549 
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