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Table of Contents 1 

An in-depth investigation of the thermal treatment of biomass polysaccharides with [Ch]Cl:LA 2 

(1:10) deep eutectic solvent allowed the identification of relevant physicochemical and 3 

morphological modifications of polysaccharides, such as cellulose fiber shortening, cellulose 4 

esterification, lactic acid grafting from xylan, among others. The degradation of [Ch]Cl:LA (1:10) 5 

at prolonged treatment was also observed. 6 
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Abstract 9 

A deep analysis upon the chemical modifications of the cellulose and hemicelluloses fractions that 10 

take place during biomass delignification with deep eutectic solvents (DES) is lacking in literature, 11 

being this a critical issue given the continued research on DES for this purpose. This work intends 12 

to fill this gap by disclosing a comprehensive study on the chemical modifications of cellulose 13 

(microcrystalline cellulose and bleached kraft pulp) and hemicelluloses (xylans) during thermal 14 

treatment (130 °C) with cholinium chloride:lactic acid ([Ch]Cl:LA) at molar ratio 1:10, one of the 15 

best reported DES for biomass delignification. The obtained data revealed that [Ch]Cl:LA (1:10) 16 

has a negative impact on the polysaccharides fractions at prolonged treatments (>4 h), resulting on 17 

substantial modifications including the esterification of cellulose with lactic acid, shortening of 18 

fibers length, fibers agglomeration and side reactions of the hemicelluloses fraction (e.g. humin 19 

formation, lactic acid grafting). Wood delignification trials with [Ch]Cl:LA (1:10) at the same 20 

conditions also corroborate these findings. Moreover, the DES suffers degradation, including the 21 

formation of lactic acid derivatives and its polymerization. Therefore, short time delignification 22 

treatments are strongly recommended when using the [Ch]Cl:LA DES, so that a sustainable 23 

fractionation of biomass into high quality cellulose fibers, isolated lignin, and xylose/furfural co-24 

production along with solvent recyclability could be achieved. 25 

 26 

Keywords. Biomass, deep eutectic solvents, green chemistry, polysaccharides, solvent stability   27 
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 4 

1. Introduction 28 

Vegetal biomass is an abundant renewable resource that is a versatile feedstock for the 29 

sustainable production of energy, fuels, chemicals and materials, embedded in the bioeconomy 30 

strategy proposed by the European Commission.[1,2] The processing of plant biomass is thus a 31 

response to the excessive use of pollutant and non-renewable fossil resources that are largely 32 

responsible for the current climatic and pollution scenarios.[2] The sustainable exploitation of 33 

biomass should rely in the complete fractionation and cascade conversion of its components 34 

through physical, chemical, thermochemical and biochemical processing platforms, 35 

synergistically employed in biorefinery infrastructures.[3,4] In this context, fractionation efficiency 36 

must be seen as one of the top priorities in the evaluation of innovative technologies envisioning 37 

high sustainability in biomass valorization. Furthermore, the environmental footprint of these 38 

technologies is also a target of critical attention.[1,5] 39 

Lignocellulosic resources, including wood, energy crops, agriculture and forestry residues 40 

represent a major part of plant-derived biomass feedstocks, being mainly composed of cellulose, 41 

hemicelluloses and lignin.[6] Cellulose is a semi-crystalline linear homopolysaccharide constituted 42 

solely by glucose units linked together through β-(1,4)-glycosidic bonds,[7] whereas hemicelluloses 43 

are a group of amorphous and branched heteropolysaccharides composed of different 44 

monosaccharides (e.g. xylose, arabinose, mannose, fructose, etc.) and uronic acids, and are 45 

generally acetylated.[6] Xylans composed of xylose, as main monosaccharide, are one of the major 46 

examples. On the other hand, lignin is formed by phenylpropanoid units randomly linked by C-C 47 

and C-O covalent bonds forming an aromatic matrix.[8] The strong intra- and interlinkages existing 48 

between lignin and polysaccharides make of lignocellulosic biomass a very recalcitrant material, 49 
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 5 

and thus, achieving an effective biomass fractionation is a key challenge for the development of a 50 

biobased economy.[9]  51 

Currently, cellulose is still widely processed into paper and cardboard products by pulp and 52 

paper industries, whereas novel cellulose-based materials (e.g. composites, nanomaterials, among 53 

others) have been purposed as renewable alternatives for the future.[10–13] Moreover, cellulose can 54 

be chemically or biotechnologically converted into biofuels (e.g. ethanol and butanol)[6,14] and 55 

added-value products (e.g. hydroxymethylfurfural and levulinic acid).[15] In the case of 56 

hemicelluloses, other valorization approaches can be adopted. For instance, xylans can be 57 

depolymerized into xylose, which in turn can be converted into platform chemicals, such as 58 

furfural and xylitol.[16–18]  59 

The most common way to obtain biomass polysaccharides is to remove lignin through 60 

delignification processes. For instance, pulp and paper industries use Kraft and Soda processes for 61 

an efficient wood delignification to produce high quality cellulose fibers.[19] Other technologies 62 

like organosolv and hydrothermal treatments have been also applied to delignify different types of 63 

biomass,[20,21] leaving the polysaccharides fraction accessible for further conversion into added-64 

value products. However, those processes use non-benign solvents and reagents, and are highly 65 

energy intensive.20 Furthermore, some of those processes lack fractionation efficiency by 66 

degrading or producing low-quality fractions of lignin and hemicelluloses, compromising the 67 

objective to accomplish efficient, selective and sustainable biomass processing. In this sense, 68 

innovative processes have been chased, wherein the application of green solvents has been 69 

addressed as an alternative strategy.[22] 70 

In the past years, an ultimate class of green solvents called Deep Eutectic Solvents (DES) has 71 

been attracting significant interest amongst academia and industry. DES are mixtures of at least 72 
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 6 

two components, a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD) that 73 

establish strong hydrogen-bonding interactions, providing a significant depression of the mixture’s 74 

melting temperature (deviating from the ideal behavior) in comparison to those of the individual 75 

components.[23] This phenomenon allows some mixtures to be liquid at room temperature and to 76 

be used as solvents in a myriad of applications.[24] One of the most promising approaches that has 77 

been proposed as a future low-carbon technology is the biomass valorization assisted by these 78 

solvents.[22] One of the main successful examples lies in the application of acidic DES for biomass 79 

delignification.[25,26] 80 

Among several acidic DES, cholinium chloride:lactic acid ([Ch]Cl:LA) has demonstrated 81 

excellent efficiency on lignin dissolution[27,28] and has been placed as one of the best performance 82 

DES for biomass delignification.[25,26,29–31] This DES is able to dissolve up to 11.82 wt.% lignin 83 

(96% alkali lignin, low sulfonate content) at 60 ˚C, while negligible or no cellulose dissolution 84 

was perceived under the studied conditions.[27] As consequence of its selectivity for lignin 85 

solubilization, this system has been applied in biomass delignification, as demonstrated by 86 

Alvarez-Vasco et al.[25] and Shen et al.[26] Other works have also reported a successful removal of 87 

lignin (60.0 – 93.1 wt.%) from different biomass sources using [Ch]Cl:LA.[29,30,32] This DES was 88 

referred to selectively cleave β-O-4 ether linkages in lignin, which facilitates its extraction from 89 

biomass.[25] Moreover, the study of the molar ratio between [Ch]Cl and LA showed that a high 90 

molar ratio of LA (e.g. 1:5, 1:10 and 1:15)[26,27,29,30] favors delignification. It was, however, 91 

demonstrated that [Ch]Cl plays an essential role even at low contents as it brings a positive impact 92 

on delignification when contrasting to pure lactic acid.[33] This effect was recently explained by a 93 

nucleophile substitution of lignin hydroxyl groups by chloride anions, allowing the formation of 94 

stable intermediates that favor lignin ether bond cleavage.[34] 95 
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After processing lignocellulosic biomass with [Ch]Cl:LA, a cellulose-rich pulp as solid fraction 96 

and a DES liquid stream with dissolved lignin are produced.[25,29,31] Subsequently, lignin can be 97 

easily precipitated from the liquid stream by dilution with water, which acts as lignin anti-98 

solvent.[25] The precipitated lignin has been characterized by different spectroscopic techniques 99 

and commonly highlighted as a high-quality fraction. High purity, ranging from 85 wt.% to 95 100 

wt.%, has been reported for these lignins and their use in further applications have been 101 

recommended.[25,26,29] Furthermore, [Ch]Cl:LA extracted lignins are sulphur- and carbohydrate-102 

free and show low condensation degree and homogeneous molecular size distribution.[25,26,29]  103 

Despite the efficient delignification achieved with [Ch]Cl:LA, the characterization of isolated 104 

cellulose fibers has not been fully addressed. Additionally, scarce attention has been given to the 105 

fate of hemicelluloses during biomass treatment with this DES, which can be considered of utmost 106 

importance for their subsequent valorization. Furthermore, it has been reported that xylans’ 107 

structure is maintained in neutral to mild alkaline-based DES, such as [Ch]Cl:Urea,[35] while in the 108 

presence of acidic [Ch]Cl-based DES, comprising oxalic, malic or glycolic acids, xylans are 109 

hydrolyzed and favorably converted into furfural.[18,36]  110 

Based on the strong potential of the [Ch]Cl:LA DES to process lignocellulosic biomass, while 111 

foreseeing its large-scale application, the present work aims at providing deep insights on the 112 

influence of [Ch]Cl:LA (at the molar ratio 1:10) on the chemical structure of polysaccharides 113 

representative biomass (viz. cellulose and xylans since these fractions are the most desired for 114 

further processing) during thermal treatment, mimicking delignification conditions. The 115 

modification, depolymerization and degradation of these polysaccharides over time were 116 

addressed for a better understanding of the chemical reactions taking place during biomass 117 

processing. The occurrence of those phenomena in real wood delignification processes was also 118 
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accessed with Eucalyptus globulus wood. At last, the stability of the solvent was studied 119 

envisaging its recyclability. 120 

 121 

2. Experimental 122 

2.1. Chemicals and materials 123 

Cholinium chloride ([Ch]Cl) (≥ 99% purity) and DL-lactic acid (LA) (≥ 85 % purity), both 124 

supplied by Sigma (USA), were used as HBD and HBA, respectively. Xylose (≥ 99 % purity) was 125 

supplied by Merck (Germany) and furfural (≥ 99 % purity) by Sigma (USA). Commercial 126 

beechwood xylan (9.39 wt.% humidity) from Apolo Scientific (UK) and Avicel® microcrystalline 127 

cellulose (MCC) PH 101 (3.61 wt.% humidity) with ≈100 µm particle size were purchased from 128 

Sigma. Both cellulose diacetate (DE = 2) and cellulose triacetate SelectophoreTM (DE = 2) were 129 

purchased from Sigma (USA). 130 

Bleached kraft pulp (BKP) (6.82 wt.% humidity) and milled Eucalyptus globulus wood (< 40 131 

mesh) composed of approximately 50, 14 and 20 wt% of cellulose, xylans and lignin, respectively 132 

(on dried basis), were both kindly provided by The Navigator Company (Portugal). 133 

 134 

2.2. DES preparation 135 

The humidity of the individual components, [Ch]Cl and LA, was first measured with a Metrohm 136 

831 Karl Fischer coulometer, being 10.4 and 6.8 wt%, respectively. Both [Ch]Cl and LA were 137 

weighed in a 1:10 molar ratio in sealed glass vials. The mixture was heated up to 70.0 °C and was 138 

kept at constant stirring until a transparent liquid was formed. The liquid was kept at this 139 

temperature for one hour before cooling down to room temperature, and was then kept in sealed 140 

glass vials at room temperature.  141 
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 9 

 142 

2.3. Cellulose and xylan treatment with DES 143 

Samples of microcrystalline cellulose (MCC) or bleached kraft pulp (BKP) or xylan (0.150 g) 144 

and [Ch]Cl:LA (3.0 g) were weighed into glass tubes. The tubes were sealed and placed in a 145 

Radleys Carousel Tech and treatments were carried out at 130 ˚C for different periods of time (0.5, 146 

1, 4, 8, 12, 16 and 24 h). After treatment, samples were cooled down to room temperature. 147 

Subsequently, xylan and cellulose were precipitated with ethanol and water (200 mL), 148 

respectively, stirred (800 rpm) overnight and recovered by vacuum filtration with Whatman® 149 

nylon filters (0.45 µm porosity). The recovered solid samples were left on a ventilated oven at 40 150 

˚C overnight, while the liquid fractions were stored in a freezer. 151 

 152 

2.4. Wood treatment with DES 153 

Milled wood (300 mg) and [Ch]Cl:LA (3.0 g) were weighed into glass tubes. The tubes were 154 

sealed and placed in a Radleys Carousel Tech and treatments were carried out at 130 ˚C for 155 

different periods of time (1, 4 and 8 h). After treatments, tubes were cooled down to room 156 

temperature. Then, 10 mL of a water:ethanol (1:1 w/w) mixture was added to reduce the viscosity 157 

of the system and to maintain lignin soluble. The resulting mixtures were filtered by vacuum and 158 

filtrates were recovered for lignin precipitation step. The solids were rinsed with water:ethanol 159 

(1:1 w/w) mixture and placed in a ventilated oven at 40 ˚C overnight. Ice cold water was added to 160 

the filtrate to precipitate lignin and the produced lignin fraction was filtered, recovered and placed 161 

in the oven at the same conditions. The solid recovery yields were determined gravimetrically. 162 

Two replicates were made for each condition.  163 

 164 
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 10 

2.5. Analytical characterization of solid and liquid fractions 165 

Polysaccharides in their pristine form, the resulting solid and liquid fractions resulting from the 166 

treatments, as well as neat DES and DES after treatment, were characterized by different analytical 167 

techniques as described below. 168 

 169 

2.5.1. Nuclear Magnetic Resonance (NMR) 170 

Native xylans, as well as those obtained from DES or liquid fractions (~20 mg) were dissolved 171 

in deuterated dimethyl sulfoxide (DMSO-d6), with trimethyl silane (TMS) as internal reference, 172 

and the resulting solution was transferred into an NMR tube. 1H NMR and 13C NMR spectra were 173 

recorded using a Bruker Avance 300 equipment at 300.13 MHz and 75.47 MHz, respectively. 174 

Cellulose samples were analyzed through 13C solid-state cross-polarized magic-angle spinning 175 

nuclear magnetic resonance (13C CP-MAS NMR). Spectra were recorded on a Bruker Avance 400 176 

spectrometer. Samples (50 mg) were packed into a zirconia rotor sealed with Kel-F caps and spun 177 

at 7 kHz. Acquisition parameters were as follows: 4 µs 90° pulse width, 2 ms contact time, and 4 178 

s dead time delay. 179 

 180 

2.5.2. Fourier Transform Infrared with Attenuated Total Reflectance (FTIR-ATR) 181 

The FTIR-ATR spectra of solid samples were acquired in a FTIR system Spectrum BX, 182 

PerkinElmer, equipped with a single horizontal Golden Gate ATR cell and a diamond crystal. 183 

Analyses were performed at room temperature with controlled air humidity. All data was recorded 184 

in the range of 4000-600 cm-1 by accumulating 32 scans with a resolution of 4 cm-1 and interval 185 

of 1 cm-1. The acquired spectra were subtracted against background air spectrum and recorded as 186 

transmittance values. 187 
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 11 

FTIR-ATR was also used to estimate the degree of esterification (DE) of MCC and BKP samples 188 

after treatment with DES. Cellulose triacetate (DE=3), cellulose acetate (DE=2) and blended MCC 189 

with cellulose diacetate (DE=2) were used as standard samples to build a calibration curve 190 

recording the intensity of the vibrational band associated with the ester bond as function of DE 191 

(Figure S8 in Supporting Information (SI)). The calibration curve was validated with a confidence 192 

interval of 95% (Table S1 in SI). 193 

 194 

2.5.3. X-Ray Diffraction (XRD) 195 

X-ray diffraction patterns of cellulosic samples were determined using a Phillips X’pert MPD 196 

diffractometer using Cu Kα radiation. The XRD measurements were performed with a scan step 197 

size of 0.02° and a time per step of 2.5 s for a 2θ range between 4° and 40°. The crystallinity index 198 

(C.I.) of cellulosic samples were calculated as described elsewhere[37] using the following 199 

equation: 200 

 201 

𝐶. 𝐼 =
𝐼200−𝐼𝑎𝑚

𝐼200
,        (1) 202 

 203 

where I200 is the maximum intensity (2θ of 22°–23°) at lattice peak (200) corresponding to 204 

crystalline fraction of cellulose, while Iam is the minimum intensity (2θ of 18°-19°) related to the 205 

amorphous part. 206 

 207 

2.5.4. Scanning Electron Microscopy (SEM) 208 

The surface morphology of MCC, BKP and E. globulus wood samples before and after 1, 4 and 209 

8 h of [Ch]Cl:LA thermal treatment was analyzed by SEM. The samples were dried for 24 h in a 210 
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 12 

ventilated oven, covered with carbon and then analyzed using a Hitachi SU-70 microscope at 211 

15kV. 212 

 213 

2.5.5. Composition analysis of solid fractions  214 

The chemical composition of the solid fractions obtained from wood treatments with [Ch]Cl:LA 215 

(1:10) was determined by following the National Renewable Energy Laboratory (NREL) standard 216 

protocol.[38] The solid samples were treated with sulfuric acid (72 wt%) at 30 °C for 1 h and were 217 

subsequently diluted with distilled water to a concentration of 4% sulfuric acid and autoclaved for 218 

1 h at 121°C, enabling the polysaccharide acid hydrolysis. After this reaction, the samples were 219 

filtered to separate solid and liquid streams. The filtrate was analyzed by HPLC for the 220 

determination of sugar content (glucose and xylose), while the resulting solid was washed with 50 221 

mL water and placed in an oven at 105°C for 24h. Finally, the solid samples were transferred to a 222 

furnace at 575 °C overnight. In the oven and furnace steps, insoluble lignin and ashes contents 223 

were determined gravimetrically. 224 

 225 

2.5.6. High Performance Liquid Chromatography (HPLC) 226 

. The liquid samples from xylan treatments with DES and from NREL acid hydrolysis protocol 227 

were injected in a HPLC Elite LaChrom, VWR Hitachi equipped with an autosampler – HITACHI 228 

L2200 and a Rezex ROA Organic Acids H+ column (Phenomenex, USA). A Hitachi L-2490 229 

refractive index detector (RID) and a Hitachi L-2455 diode array detector (DAD) were used for 230 

the analysis.  231 

In case of xylan treatments, the obtained liquid fractions were diluted by taking into account the 232 

concentration of [Ch]Cl:LA. The samples were injected (10 µL) and analyzes were run at 65 °C 233 
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(oven Gecko 2000) for 80 min with a mobile phase composed of 0.01 N H2SO4 aqueous solution 234 

and a flowrate settled to 0.6 mL·min-1 using a Hitachi L-2130 pump. Glucose and xylose were 235 

detected by RID, while DAD (280 nm) was used in the detection of furfural.[39,40] Calibration 236 

curves for glucose, xylose and furfural standards were established. In xylan treatments, 237 

calculations on molar basis between consumed xylan and produced xylose and furfural were 238 

performed. 239 

 240 

3. Results and Discussion 241 

The research on biomass delignification with DES, and particularly with [Ch]Cl:LA (1:10), has 242 

shown promising results.[25,26,30] Although the obtained lignin fraction has been characterized as a 243 

highly pure and high-quality sample, the effect of [Ch]Cl:LA (1:10) on the chemical structure of 244 

cellulose was barely studied and the fate of hemicelluloses was practically disregarded. In this 245 

work, physicochemical and morphological modifications of model polysaccharides that may occur 246 

during thermal treatment with [Ch]Cl:LA (1:10) were investigated. Microcrystalline cellulose 247 

(MCC), bleached Kraft pulp (BKP) and xylans were chosen as model polysaccharide samples and 248 

their treatment with DES was performed at 130 ˚C for different time periods. After thermal 249 

treatment, solid samples were recovered and characterized by FTIR-ATR, NMR, SEM and XRD, 250 

while liquid samples were recovered and characterized by NMR and HPLC. The obtained results 251 

were compared to those of wood delignification assays mediated by [Ch]Cl:LA (1:10). The 252 

stability of the DES over time was also attempted. 253 

 254 
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3.1. Cellulose modification during DES treatment 255 

The visual aspect and solid recovery yields of MCC and BKP change along the treatment with 256 

[Ch]Cl:LA (1:10) at 130 °C, as shown in Figure 1 and Table 1, respectively. BKP switched from 257 

a fluffy white to a brownish aspect, especially after 4 h of treatment onwards. This modification 258 

was slower in MCC samples, where a very light darkening of the recovered solid was observed 259 

only after 8 h. Nevertheless, the solid fractions of both samples reached a dark brown color after 260 

24 h of treatment, demonstrating a negative effect of the treatment time. These results give a hint 261 

that some physicochemical and/or morphological modifications of cellulose occur in presence of 262 

[Ch]Cl:LA (1:10). Although at small extent, the formation of carbohydrate-derived chromophores 263 

(e.g. furanic compounds)[41,42] as consequence of acid-based degradation reactions of cellulose 264 

promoted by DES could be a cause for this fiber darkening. 265 

 266 

 267 

Figure 1. Visual aspect of MCC and BKP after settled periods of treatment with [Ch]Cl:LA 268 

(1:10) at 130 °C. 269 

 270 

MCC

0.5h
1h

4h

8h

24h

BKP

0.5h
1h
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24h
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Regarding the solid recovery yield, there was no noticeable mass loss of MCC along the DES 271 

treatment, while for BKP treatments 92.9 wt% solid yield was obtained at 1h of treatment, 272 

following by an increase of yield that surpassed 100 wt%. The initial mass loss suggests a partial 273 

cellulose hydrolysis provided by the acidic medium, while the following mass increment can be 274 

associated with lactic acid esterification onto the fibers surface. These hypotheses will be further 275 

validated by the FTIR, NMR and SEM analyses discussed below. 276 

 277 

Table 1. Solid recovery yields of MCC and BKP attained for different treatment times with 278 

[Ch]Cl:LA (1:10) at 130 °C. 279 

Sample Time [h] Solid Yield [wt%] 

MCC 

1 96.5 ± 0.8 

4 99.3 ± 0.1 

8 99.7 ± 0.5 

24 100.8 ± 0.4 

BKP 

1 92.9 ± 0.6 

4 101.3 ± 0.6 

8 105.0 ± 1.1 

24 103.0 ± 1.2 

 280 

More insights were given by FTIR-ATR analysis of cellulose samples before and after treatment 281 

with [Ch]Cl:LA (1:10). The FTIR spectra of MCC and BKP recovered solids are contrasted with 282 

those of the initial cellulose samples in Figure 2. In all cases, typical cellulose vibrational bands, 283 

at 3400 cm−1, 2900 cm−1 and 1060 cm−1 were identified, being associated with O-H, C-H and C-284 

O stretching vibrations, respectively (full spectra are presented in Figures S1 and S2 in SI). The 285 

bands at lower wavenumbers are related to the C-OH elongation vibrations (1200–1000 cm-1) and 286 
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C-O-C stretching (1041–1035 cm-1), which are also characteristic for cellulosic substrates.[43] 287 

These bands are observed in all spectra, meaning that the main chemical features of cellulose are 288 

kept after treatment with DES. However, an additional vibrational band at 1740 cm-1 appeared in 289 

treated cellulose samples and its intensity increased with the time of treatment. This band is 290 

attributed to unconjugated C=O bonds of ester groups that could be related to the esterification of 291 

cellulose hydroxyl groups with lactic acid.[44] Furthermore, the corresponding lactic acid C-H 292 

vibrational bands at 2850 cm-1 (Figures S1 and S2 in SI) and 1454 cm-1 are also noticeable. The 293 

degree of esterification (DE) with lactic acid was estimated for both MCC and BKP treated 294 

samples (Table S2) through validated quantitative analysis of the vibrational band at 1740 cm-1 295 

(Tables S1 and Figure S8). Between 0.5 and 24 h of treatment, DE values in the ranges of 0.112-296 

0.766 and 0.156-0.851 for MCC and BKP samples were found, respectively. 297 

 298 
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 299 

Figure 2. FTIR spectra of MCC (left) and BKP (right) after selected times of treatment with 300 

[Ch]Cl:LA (1:10) at 130 °C. The polylactic acid (PLA) spectrum is also shown as standard for the 301 

comparison of extra vibrational bands in cellulose samples. 302 

 303 

The hypotheses of cellulose esterification with lactic acid was further supported by the 13C solid-304 

state NMR analysis of the MCC and BKP after DES treatment for 1, 4, 8 and 24 h (Figure S3 in 305 

SI). Both spectra of pristine MCC and BKP presented the typical cellulose resonances: C1 at 105.0 306 

ppm, C4 at 86.4 ppm, C3 at 74.7 ppm, C2 and C5 in the region between 73.0 – 71.0 ppm, and the 307 

signal corresponding to C6 at 63.8 ppm.[45] On the other hand, the spectra corresponding to the 308 

recovered cellulose samples presented not only the typical cellulose resonances but also chemical 309 

shifts related to C=O (≈175 ppm) and CH3 (≈20 ppm) groups assigned to lactic acid moieties. The 310 
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intensity of these extra signals increased with the treatment time as also observed in FTIR data, 311 

revealing a reaction between this organic acid and cellulose fibers by esterification. This kind of 312 

reaction was previously reported for functionalized cellulose nanocrystals with lactic acid.[46] 313 

The recovered cellulose fractions were then analyzed by SEM to better address the microscopic 314 

morphological changes of the fibers after DES treatment. Figure 3 depicts the SEM images at 315 

different magnifications obtained for both MCC and BKP before and after treatment (1, 4 and 8 h) 316 

with [Ch]Cl:LA (1:10) at 130 °C. At 1h of treatment, no noticeable change was observed in MCC 317 

sample, while shorter BKP fibers were obtained in comparison to the native BKP. For both 318 

celluloses, agglomeration was observed (4 h), but BKP exhibited more extensive changes in its 319 

fiber morphology when compared with MCC. The fiber length reduced even further, while these 320 

short fibers agglomerated into a sheet-like structure similarly to that observed for MCC. On the 321 

contrary, after 4 and 8 h of treatment there is indeed agglomeration of MCC crystals, but their 322 

shape did not change substantially over time. These observations suggest that a substantial 323 

shortening in long BKP fibers is taking place during DES treatment, leading to a material with 324 

analogous morphology to that obtained with MCC treatment. This is in agreement with the mass 325 

loss discussed above suggesting partial hydrolysis of cellulose fibers in presence of DES, most 326 

likely the hydrolysis of cellulose amorphous regions. 327 

 328 
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 329 

Figure 3. SEM images of MCC and BKP before and after settled periods of treatment with 330 

[Ch]Cl:LA (1:10) at 130 °C. Microscopic magnification of x150. 331 

 332 

The impact of DES treatment on cellulose crystallinity was evaluated by XRD analysis. The 333 

crystallinity index values of each MCC and BKP solid samples are given in Table 2. The obtained 334 

MCC

MCC 4h

MCC 8h

BKP

BKP 4h

BKP 8h

MCC 1h

300 µm 300 µm

300 µm 300 µm

300 µm 300 µm

300 µm 300 µm

BKP 1h

10.1002/cssc.202002301

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.



 20 

data reveal a decrease on cellulose crystallinity with the time of treatment. MCC crystallinity 335 

indexes decreased from 75.9 % to 73.6 %, while a higher decrease from 71.6 % to 66.3 % was 336 

observed for BKP samples. In literature, distinct results regarding the crystallinity of cellulose-337 

rich solid fractions obtained after biomass processing with [Ch]Cl:LA (at similar conditions) were 338 

reported.[26,29] Kumar et al.[29] reached similar results showing a decrease of crystallinity between 339 

untreated wheat straw and the obtained cellulose-rich fraction. However, an opposite trend was 340 

reported by Shen et al.[26], who demonstrated an increase in the crystallinity after biomass 341 

treatment with [Ch]Cl:LA. The authors mentioned the removal of amorphous biomass 342 

components, such as lignin and xylan, as the major cause.[26] The slight decrease of cellulose 343 

crystallinity observed in the present work can be associated with the physicochemical 344 

modifications promoted by [Ch]Cl:LA (1:10) at 130 °C as discussed above. 345 

 346 

Table 2. Crystallinity indexes of MCC and BKP after treatment with DES at 130 °C over time. 347 

Sample 
Time 

[h] 

2θ range Crystallinity 

index [%] Iam I200 

Native MCC - 1227 5094 75.9 

MCC 

1 1657 6465 74.4 

4 1628 6466 74.8 

8 1354 5285 74.4 

24 1484 5621 73.6 

Native BKP - 3227 11358 71.6 

BKP 

1 1608 5916 72.8 

4 1978 6331 68.8 

8 2490 7498 66.8 

24 1746 5177 66.3 

 348 
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3.2. Xylans transformation with DES 349 

Few studies have reported the extraction and valorization of xylans using DES as solvent 350 

media.[18,35,36] For instance, a xylan pre-extraction step from biomass was developed with the mild 351 

alkaline-based [Ch]Cl:Urea aiming at preserving the xylan structure.[35] On another perspective, 352 

the use of acid-based DES, such as [Ch]Cl:Oxalic acid and [Ch]Cl:Malic acid, allowed a favorable 353 

conversion of xylans into furfural.[18] Although some trends have been reported with acid-based 354 

DES, the fate of hemicelluloses during [Ch]Cl:LA delignification media has not been explored. 355 

Aiming at better understanding the behavior of hemicelluloses under these delignification 356 

approaches, the thermal treatments of xylans in presence of [Ch]Cl:LA (1:10) performed in this 357 

work, disclose that this polysaccharide is much more labile than cellulose. After DES treatment, a 358 

major fraction of xylans was dissolved in the liquid phase, most likely due to its hydrolysis and 359 

conversion. In this sense, the liquid fractions were analyzed by HPLC for the quantification of 360 

xylose and furfural, identified as major formed compounds. The results obtained from xylans 361 

treatments with [Ch]Cl:LA (1:10) are illustrated in Figure 4. 362 

These data clearly showed a progressive xylan conversion promoted by the acidic character of 363 

the DES. After the rapid conversion of xylans into xylose (it reaches a maximum of 80.1 mol% 364 

after 1 h), the last was converted into furfural that reached a maximum yield (23.1 mol%) after 24 365 

h. The production of furfural was favored over time by the acidity of [Ch]Cl:LA (1:10). 366 

Nevertheless, this yield is far from those reported in the literature for [Ch]Cl-based DES 367 

comprising oxalic (55.5 mol%), malic (75.0 mol%) and glycolic (32.3 mol%) acids as HBDs.[18,36] 368 

Yet, furfural yield did not increase at the same rate as xylose consumption during time. This 369 

suggests that furfural may undergo degradation or polymerization,[47] leading to products which 370 

are not detected by HPLC (“others” in Figure 4) or are not water soluble (expressed in the solid 371 

10.1002/cssc.202002301

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.



 22 

yield in Figure 4). This hypothesis was confirmed by looking at the sum of all identified 372 

components resulting from xylans conversion, which suffered a sharp decrease after 4 h. The 373 

amount of recovered solid obtained during the treatment is also intriguing, since a decrease of the 374 

recovered solid yield was obtained up to 4 h, while it increased after 8 h of treatment and onwards. 375 

This effect on the solid fraction was further studied by both FTIR-ATR and NMR (1H and 13C) 376 

techniques as discussed below. 377 

 378 

 379 

Figure 4. Xylans mass balance after DES treatment at 130 °C for different times expressed as 380 

the sum of recovered solid with both xylose and furfural yields (mol product/mol initial xylan) in 381 

the liquid phase. “Others” refers to products that were not detected in the DES liquid phase by the 382 

HPLC quantification method. 383 

 384 

Figure 5 presents the FTIR spectra of pristine xylans and recovered solids after treatment with 385 

[Ch]Cl:LA (1:10) at different times (complete spectra can be found in Figure S4 in SI). The FTIR 386 
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spectra of pristine xylans present the typical vibrational bands of this polysaccharide class,[35,48] 387 

namely a band in the range 897 – 890 cm-1 associated with the β(1→4) glycosidic bond between 388 

the xylopyranose units of the xylan backbone, intense bands at 1200-1000 cm-1 corresponding to 389 

the C-OH elongation vibrations, and a maximum vibrational band at 1041-1035 cm-1 attributed to 390 

the C–O–C stretching of the pyranoid-ring of xylose. The bands observed between 1600 and 1500 391 

cm-1 refer to xylan C-C bonds, while a xylan C-H bend absorbs at 1450-1400 cm-1. 392 

The acquired FTIR spectra showed that the chemical structure of the non-converted solid was 393 

mostly preserved during the first 4 h of treatment. Yet, a band at 1718 cm-1 (attributed to 394 

unconjugated C=O bonds of lactic acid carboxylic group) appeared after only 30 min. Like in the 395 

case of cellulose, a possible esterification of xylan with lactic acid may occur in the presence of 396 

[Ch]Cl:LA. This band was detected in all spectra of recovered solids (in those at 4 and 8 h of 397 

treatment, the water bending vibration, 1650 cm-1,[49] masked the carbonyl band, as consequence 398 

of moisture absorption). 399 

For treatments longer than 4 h, the absence of the bands related to the xylan backbone was 400 

verified, and different bands at 1192, 1123, 1088 and 1041 cm-1 appeared instead. These 401 

vibrational bands can be found in the lactic acid spectrum (see Figure 12, as further discussed), 402 

but also in the polylactic acid FTIR spectrum (Figure 5). However, the intensities of those bands 403 

are characteristically different between lactic acid and polylactic acid, making the FTIR spectrum 404 

a fingerprint of each analyte. By comparison, the specific pattern of these vibrational bands 405 

observed in the FTIR spectrum of the solid obtained after 12 and 24 h of treatment was analogous 406 

to that of polylactic acid. A similar pattern was also detected in the FTIR spectrum of xylan-lactide 407 

copolymer reported by Zhang et al.[50] This means that grafting of lactic acid oligomers from 408 

xylans or homopolymerization of lactic acid was enabled for prolonged times of treatment. 409 
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 410 

  411 

Figure 5. FTIR spectra of pristine xylans and recovered solids obtained after treatment with 412 

[Ch]Cl:LA (1:10) at 130 °C at different times. The PLA spectrum is also shown as standard for 413 

the comparison of extra vibrational bands. 414 

 415 

In Figure 6 the 1H NMR spectra of pristine xylans and the recovered solids after treatment with 416 

[Ch]Cl:LA (1:10) at different periods are given. The structure of pristine xylan with corresponding 417 
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chemical shift assignments is also depicted. Overall, the pristine xylan 1H NMR presented the 418 

typical resonances from all the different protons of the non-substituted β-D-xylopyranose ((1→4)-419 

β-D-Xylp) residues between δ 4.36 and δ 2.62 ppm.  420 

Although the xylan backbone signals were preserved in the 1H NMR spectrum of residual xylan 421 

after 4 h of treatment (supported by FTIR-ATR results), new proton signals appeared between 1.00 422 

and 1.60 ppm. All these signals are expected to be associated with CH3 groups of lactic acid in 423 

different chemical environments, i.e., in lactic acid isomers, lactide isomers and polymerized lactic 424 

acid (discussed in more detail below). Zhang et al.[50] provided a study on the synthesis of a 425 

thermoplastic derivative of xylan prepared by grafting polymerization of lactide from xylan 426 

backbone, where the same signals appeared in the 1H NMR spectrum and were attributed to 427 

chemical shifts of protons in CH3 groups of lactic acid grafting from xylan.[50] On the other hand, 428 

after 16 h of treatment, the signals from xylan backbone practically disappeared (Figure 6). Instead, 429 

only a single broad signal appears at 3.06 ppm (unassigned) related to CH3 or CH2 alike chemical 430 

shifts as well as the signals assigned to CH3 groups of lactic acid moieties. 431 

Overall, the recovered solid is mostly composed of non-hydrolyzed xylan for short periods of 432 

treatment, while at longer periods the solid yield increases as consequence of water insoluble by-433 

products (dark precipitate) formed by side reactions. It includes lactic acid grafting from xylan or 434 

lactic acid homopolymerization, as observed by FTIR-ATR analysis, or degradation of xylose and 435 

furfural into polymeric structures often called humins.[51,52] 436 

 437 
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  438 

Figure 6. 1H NMR spectra of pristine xylans and recovered solids after 4 and 16 h of treatment 439 

at 130 °C with DES. Solvent peak was cut out from each spectrum for a clear presentation. 440 

 441 

3.3. Wood treatment with DES 442 

The results disclosed in the last two sections give a perspective of possible reactions and 443 

morphological changes in polysaccharides that might take place during biomass delignification 444 

process using [Ch]Cl:LA (1:10). Yet, the biomass recalcitrance, which means chemical linkages 445 

between polysaccharides and lignin, the presence of lignin itself and other biomass components 446 

could directly influence the degree of those modifications. Therefore, data acquired from MCC, 447 

BKP and xylans treatments was contrasted with thermal treatments of real wood samples. 448 

Milled E. globulus wood was treated with [Ch]Cl:LA (1:10) at 130 °C for 1, 4 and 8 h. After 449 

treatments, recovered solids enriched with cellulose fibers were morphologically and chemically 450 

characterized, while the liquid fractions were analyzed for the determination of xylose and furfural 451 

contents analogous to xylans assays. In addition, a lignin-rich fraction was isolated from the DES 452 
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liquid phase after treatment and its recovery yield was also calculated. Figure 7 compiles the data 453 

of these wood treatments. 454 

 455 

Figure 7. a) recovered solid and isolated lignin yields (wtsample/wtinitial wood) plotted with xylose 456 

and furfural yields (molproduct/molinitial xylan) during the E. globulus wood treatment (S/L=0.1) with 457 

[Ch]Cl:LA (1:10) at 130 °C at different times (1, 4 and 8 h). b) chemical composition of E. globulus 458 

wood and recovered solids. 459 

 460 

The results obtained show that the recovered solid yield decreases from 1 to 4 h of treatment to 461 

a minimum of 63.3 wt%, while it considerably increased up to 8 h. 462 

The visual aspect of the solids (Figure 8) demonstrated that similarly to the results obtained for 463 

MCC and BKP treatments, those produced after 1 and 4 h of treatment presented a light color. The 464 

first is still comparable to the initial milled wood morphology, while a pulp-like solid was observed 465 

for the second condition, suggesting an effective delignification with [Ch]Cl:LA (1:10) at 4 h. This 466 

is further evidenced by the chemical composition of the recovered solid obtained at 4 h of 467 

treatment. The lignin content reduced substantially (from 20.5 wt% in initial wood to 8.4 wt.%), 468 

while simultaneous increase of the glucan content (from 50.0 wt% in initial wood to 74.1 wt.%) 469 

a) b)
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was observed (Figure 7b). Moreover, the negligible yield of isolated lignin obtained at 1 h and 470 

further recovery of 8.1 wt% at 4 h (Figure 7a) also confirms the delignification. Although 471 

comparable pulp-like morphology was found for the solid at longer treatment (8 h), its dark brown 472 

aspect indicates degradation. Equivalent to model polysaccharides treatments, the formation of 473 

carbohydrate-derived chromophores and humins, as well as lactic acid esterification and grafting 474 

onto cellulose fibers and xylans may explain the high solid recovery yield at prolonged treatments. 475 

This is representative of the increased content of “others” from 9.7 wt% to 22.1 wt% and 476 

simultaneous decrease of glucan content from 74.1 wt% to 67.4 wt%, when contrasting the 477 

chemical composition of the recovered solids at 4 h and 8 h of treatment, correspondingly. These 478 

results are in line with the trend of the solid yield observed in BKP treatments. 479 

Figure 7 also reveals the formation of xylose and furfural during wood treatment with DES. The 480 

amount of xylose in the liquid phase was practically maintained between a range of 10-20 mol% 481 

from 1 to 8 h of treatment, while a crescent production of furfural up to 41.5 mol% was observed 482 

in the same period. The presence of both xylose and furfural in the liquid fraction throughout the 483 

wood treatment correlates with the decrease of xylan content in the recovered solids, which reaches 484 

a minimum of 6.3 wt.% at 8 h. In all experiments, the xylose yields were much lower than those 485 

obtained in assays conducted with pristine xylans (Figure 4). On the contrary, the furfural yields 486 

at 4 and 8 h were higher in these wood treatments. The observed differences in xylose and furfural 487 

yields between pristine xylans and wood assays could be associated with the initial xylans/DES 488 

ratio. Xylans/DES ratios of 0.045 and 0.013 (dry basis) were used in experiments using pristine 489 

xylans and wood, respectively, that influences the kinetics of xylose production (hydrolysis) and 490 

furfural formation (dehydration). Furthermore, the intricate wood matrix and the presence of other 491 
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components in wood, such as cellulose and lignin, might also affect the production and stability of 492 

xylose and furfural in the DES medium. 493 

 494 

  495 

Figure 8. Visual aspect of recovered solids after thermal treatment of E. globulus wood with 496 

[Ch]Cl:LA (1:10) for 1, 4 and 8 h. 497 

 498 

The recovered solids enriched with cellulose fibers were then analyzed by FTIR-ATR (the 499 

acquired spectra are displayed in Figure S5). The data demonstrated the delignification efficiency 500 

of [Ch]Cl:LA (1:10). For instance, typical lignin vibrational bands associated with the aromatic 501 

skeletal vibration (e.g. 1512 and 1600 cm-1) were absent in the spectra of recovered solids obtained 502 

at 4 and 8 h of treatment. However, all spectra also demonstrated an intensity increase of the band 503 

at 1740 cm-1, attributed to the esterification with lactic acid. This is a deviation from the natural 504 

occurring band at 1731 cm-1 in E. globulus wood FTIR spectrum referred to C=O stretching of 505 

ester groups in both lignin and hemicelluloses structures[53,54]. These results are in agreement with 506 

those obtained with MCC, BKP and xylans treatments, revealing that [Ch]Cl:LA (1:10) reacts with 507 

biomass during delignification processes allowing lactic acid esterification with cellulose fibers as 508 

well as grafting from xylan backbone. 509 

The solid state 13C NMR of recovered solids also confirmed the delignification performance of 510 

[Ch]Cl:LA (1:10) (Figure 9). At 1 h of treatment, the NMR spectrum depicted lignin characteristic 511 

E. globulus 1h 4h 8h
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chemical shifts, including an intense signal at 56.7 ppm related to the carbons in lignin methoxy 512 

groups (O-CH3), and low but broad intensities at 130-160 ppm associated with lignin aromatic 513 

carbons (CAR-O and CAR-C). This result indicates that 1 h of treatment is not enough for an efficient 514 

delignification. As the treatment goes onwards (4 and 8 h), these lignin signals disappeared, while 515 

those assigned to lactic acid increased, namely at ≈15 ppm (CH3) and ≈175 ppm (C=O), 516 

corroborating the chemical modifications discussed above with FTIR data. 517 
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 518 

Figure 9. Solid state CP-MAS 13C NMR of recovered solid samples after E. globulus wood 519 

treatment (1, 4 and 8 h) with [Ch]Cl:LA (1:10) and BKP as standard cellulose sample. 520 
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 521 

The microscopic morphology of the resulting cellulose fibers was also evaluated by SEM 522 

technique. Figure 10 shows the SEM images at different magnifications of native E. globulus wood 523 

and recovered solids from thermal treatments with [Ch]Cl:LA (1:10). At microscopic 524 

magnifications of x150 and x500 (first and second column), the strong organization of cellulose 525 

fibers in native wood was observed, while the recovered solids exhibited disorganized fibers as 526 

consequence of the matrix disruption mediated by DES action. The images clearly evidence the 527 

presence of cellulose fibers, as expected by taking into consideration the delignification ability of 528 

this DES,[25,55] and is corroborated by the spectroscopic analyses shown before. However, the 529 

reaction media showed a considerable impact on fibers morphology. The obtained fibers partially 530 

preserved their shape after 4 h, while they were considerably damaged after 8 h, analogous to BKP 531 

treatments. At the longest treatment, the obtained fibers showed surface functionalization with 532 

lactic acid as described before, including esterification of cellulose fibers, grafting of lactic acid 533 

oligomers from xylan backbone as well as homopolymerization of lactic acid. 534 

 535 
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 536 

Figure 10. SEM images of native E. globulus wood and recovered solids from thermal 537 

treatments with [Ch]Cl:LA (1:10) at 130 °C for 1, 4 and 8 h. Microscopy magnifications of x150 538 

(left column) and x500 (right column). 539 

 540 

Briefly, cellulose or biomass treatment with [Ch]Cl:LA (1:10) induces substantial damage on 541 

cellulose fiber length, especially at prolonged treatments. Despite this impact in morphology, there 542 

is limited weight loss and cellulose molecular features are preserved as shown by NMR, FTIR and 543 
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XRD data. For increased treatment time, lactic acid esterification onto cellulose surface was 544 

observed, which accounts for some increment in fiber recovery yield and most certainly to the 545 

agglomeration of fibers observed by SEM. Therefore, short residence time is recommended to 546 

avoid extensive modification of cellulose fibers preserving their physicochemical properties as 547 

much as possible. On the other hand, targeting functional cellulose-based materials with lactic acid 548 

(or other organic counterparts) could be an interesting approach[56] by using DES treatment with 549 

longer residence times. Nevertheless, data regarding the mechanical properties of those cellulose 550 

fibers are required to ascertain a successful application. On the other hand, xylans are easily 551 

converted allowing for xylose and furfural co-production. The reaction kinetics of those 552 

compounds however changes dramatically when dealing with the conversion of standard xylan or 553 

xylan incorporated in wood matrix. Nevertheless, it is clear that prolonged times leads to furfural 554 

degradation and formation of hemicellulose-derived insoluble products that affects the quality of 555 

the cellulose fibers as shown by the obtained solid at 8 h of treatment in Figure 8. 556 

 557 

3.4. DES stability 558 

Although [Ch]Cl:LA (1:10) is an outstanding DES for biomass delignification, this solvent 559 

should be properly exploited aiming to minimize its degradation. The stability of [Ch]Cl:LA (1:10) 560 

during thermal treatment was evaluated by NMR and FTIR-ATR. Figure 11 presents the 13C NMR 561 

spectra and chemical shift assignments of [Ch]Cl:LA (1:10) before and after being subjected to 562 

thermal treatment at 130 °C during 8 h. The freshly prepared DES presented the typical resonances 563 

related to LA, namely at 178.32, 76.23 and 20.51 ppm assigned to carbons from COOH, C-OH 564 

and CH3 groups, respectively. Less intense signals associated with [Ch]Cl carbons, such as C-OH 565 

at 68.1 ppm and the corresponding CH2 and CH3 groups at 56.11 and 54.65 ppm were also 566 
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depicted. Although DES was freshly prepared from pure grade reagents, the spectrum of neat DES 567 

presented other signals not related to either LA or [Ch]Cl. These chemical shifts were assigned to 568 

lactide, a by-product formed by condensation of two molecules of lactic acid,[57] becoming more 569 

pronounced after thermal treatment. Moreover, a severe decrease of the integrals of lactic acid 570 

carbon resonances was observed after thermal treatment, while other resonances related to carbons 571 

from lactic acid derivatives (including lactide) appeared (Figure 11). In fact, the 1:10 proportion 572 

between [Ch]Cl and LA, which is easily visible in the spectrum of fresh DES, seems to disappear 573 

after the applied thermal treatment. The lactide formation can also corroborate the polymerization 574 

of lactic acid since it is a common intermediate in this process. The DES degradation and side 575 

product formation can also be observed in the 1H NMR spectra (Figure S6 in SI). 576 

To further investigate the DES stability, [Ch]Cl:LA was analyzed by FTIR-ATR before and after 577 

the thermal treatment. Figure 12 presents the FTIR spectra of [Ch]Cl, LA and PLA (DP=500) as 578 

standard samples for the comparison with the FTIR spectra of DES before and after thermal 579 

treatment. Since an excess ratio of LA to [Ch]Cl exists, the DES spectrum is very similar to that 580 

of LA. Both LA and [Ch]Cl:LA (1:10) spectra presented the typical vibrational bands of lactic acid 581 

as described elsewhere,[58] including the C=O stretching band at 1720 cm–1 characteristic of 582 

carboxylic acid group, the region between 3000 and 2500 cm−1 representing the O–H stretching of 583 

the acid (full spectra can be found in Figure S7 in SI), and region below 1200 cm–1 that represents 584 

different kinds of C-H, C-O, and CH3 vibrations (rocking, deformation, stretching).[58] 585 

 586 

10.1002/cssc.202002301

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.



 36 

 587 

Figure 11. 13C NMR spectra of [Ch]Cl:LA (1:10) before (top) and after thermal treatment at 130 588 

˚C for 8 h (bottom). Solvent peak was cut out from each spectrum for a clear presentation. 589 
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After thermal treatment, the FTIR spectrum of DES changed considerably, sharing common 591 

bands with the PLA spectrum. An example is a pronounced band at 1740 cm-1, assigned to the 592 

C=O bond vibration, which is a clear shift of this signal from that of the neat DES spectrum (1720 593 

cm-1). Besides, others bands were commonly present in both treated DES and PLA standard 594 

spectra, including those attributed to C-O and C-O-C stretching vibrations (1182, 1129 and 1086 595 

cm-1) and C-CH3 bond (1045 cm-1).[44,59] Once more, there is a clear shift between the bands 596 

displayed in the spectrum of fresh DES when compared to that of treated DES, demonstrating that 597 

chemical modifications occur during the thermal process. These modifications seem to consist 598 

mainly in the lactic acid esterification when subjected to 130 ˚C, resulting in the polymerization 599 

of lactic acid. This phenomenon is further supported by the decrease of the integrals of lactic acid 600 

carbon signals displayed in the 13C NMR spectrum (Figure 11), as well as by the appearance of 601 

same FTIR bands observed in the recovered xylan (Figure 5). Thus, it is likely that lactic acid self-602 

reacts (homopolymerization) and it may also react with the polysaccharide hydroxyl groups by 603 

esterification and grafting. A similar grafting phenomenon was reported in a recent study showing 604 

the esterification of lactic acid oligomers with an hydroxyl group of a lignin model compound in 605 

the presence of [Ch]Cl:LA (1:10).[34] Overall, these results suggest that not all DES are stable and 606 

that caution should be considered when using these solvents at harsh conditions, such as high 607 

temperatures and acidic media. 608 
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 609 

Figure 12. FTIR spectra of [Ch]Cl, lactic acid, [Ch]Cl:LA (1:10) before and after thermal 610 

treatment (8 hours at 130 ˚C), and PLA (Mw=500). 611 

 612 

4. Conclusions 613 

The present work demonstrated a variety of physicochemical and morphological modifications 614 

that polysaccharides undergo during thermal treatment with [Ch]Cl:LA (1:10). The treatment of 615 

both microcrystalline cellulose and bleached kraft pulp using this DES at 130 °C unveiled the 616 

occurrence of esterification between cellulose fibers and lactic acid over time, fiber shortening and 617 

agglomeration. The darkening of cellulose fibers could be related to the formation of carbohydrate-618 
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derived chromophores and humins. On the other hand, xylans are susceptible to extended 619 

hydrolysis mediated by DES producing xylose, while the formation of furfural and side reactions 620 

(lactic acid grafting and homopolymerization) were further observed at prolonged times of 621 

treatment. In wood processing, the occurrence of all these reactions was confirmed, which directly 622 

impact the quality of produced cellulose fibers as well as the valorization of the hemicellulose 623 

fraction. Furthermore, the degradation of DES during time was verified, changing the composition 624 

of the solvent. Lactic acid derivatives (e.g. lactide) and lactic acid polymerization were identified 625 

through NMR and FTIR-ATR analyzes.  626 

Although [Ch]Cl:LA (1:10) has demonstrated high efficiency to extract a high-quality lignin 627 

fraction from biomass, the careful handling of this solvent must be performed. The identified 628 

drawbacks could be circumvented by applying treatments with short periods of time to minimize 629 

modification of cellulose fibers and unwanted side reactions of other biomass components and of 630 

the solvent as well. Optimizing the use of [Ch]Cl:LA (1:10) for short treatment periods would 631 

enable a sustainable biomass fractionation into good quality cellulose fibers, isolated lignin, 632 

xylose/furfural co-production along with solvent recyclability. Nonetheless, targeting functional 633 

cellulose-based materials grafted with organic acids, like lactic acid, could be an opportunity and 634 

alternative pathway for cellulose upgrading, rather than a pulp and paper valorization framework. 635 

This can be achieved using [Ch]Cl:LA (1:10) for long treatment periods. 636 
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