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ABSTRACT 

As a rising green solvent for biomass processing, deep eutectic solvents (DESs) have shown 

their effectiveness in biomass processing. In this study, phenolic aldehydes with different numbers 

of methoxy groups, including 4-hydroxybenzaldehyde (HBA, no methoxy), vanillin (VA, 

monomethoxy), and syringaldehyde (SA, dimethoxy), that can be derived from the lignin and were 

employed to synthesize DES with choline chloride (ChCl). The presence of methoxy groups in the 

hydrogen bond donor structure affected DES properties as well as biomass pretreatment 

performance. The high thermal stability of phenolic aldehyde DESs was shown with over 225 ºC 

onset temperature. The hydrogen bond donor with one aldehyde and one hydroxyl group at the 

para position without methoxy group (ChCl-HBA) showed the highest xylan removal and 

delignification, reaching 59.3% and 88.0%, respectively, leading to the highest enzymatic 

hydrolysis yield. Sonication after pretreatment further enhanced the hydrolysis yields, achieving 

83.3% of glucan conversion and 50.1% of xylan conversion. In the lignin-rich fraction, the 

recovered lignin showed low weight-average molecular weight under 2000 g/mol with relatively 

uniform molecular weight dispersity below 1.5. This study provides insights into how the chemical 

structure of hydrogen bond donors in DESs affects biomass processing and paves the way for 

designing an effective lignin-derived DES in future biorefinery processes. 

 

1. Introduction  

Due to the shortage of resources and environmental pollution caused by petroleum usage, the 

utilization of lignocellulosic biomass has been introduced as a potential solution for those global 

challenges.1, 2 The application of lignocellulosic biomass to replace fossil resources enables carbon 

neutrality and reduces the emission of greenhouse gases.3-5 However, the intrinsic recalcitrance 
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factors of biomass have to be overcome for industrial utilization.6 Various biomass pretreatment 

methods have been designed to reduce the recalcitrance factors, including physical, chemical, 

biological, and their combinations.7 Depending on the target products and biomass species, 

different pretreatment approaches have been selected and optimized. Moreover, recent studies not 

only aim to maximize biomass conversion efficiency but also emphasize cradle-to-grave life cycle 

assessment; therefore, the greenness of processing solvents and operating conditions have to be 

considered. For these reasons, various biomass-derived solvents have been investigated for 

biorefinery processes.8, 9  

Deep eutectic solvents (DESs) emerged as a new type of biomass processing solvent, composed 

of hydrogen bond acceptor and hydrogen bond donor via sharing bonding interactions between 

molecules.10 Various types of hydrogen bonding, such as ionic, doubly ionic, and neutral in diverse 

constituents, offer the solvent with different physicochemical and thermodynamic properties.11 

The formation of DES is achieved by a significant depression of the melting point or glass 

transition temperature via an enthalpy change of mixture.12, 13 The DESs have been considered as 

alternative conventional ionic liquids (ILs), which have already proven to be effective biomass 

processing solvents, with cheaper components and simpler synthesis methods.14 The combinations 

of DESs are countless and lead to achieving a wide range of uses. Especially natural deep eutectic 

solvents (NADESs) or renewable DESs, formed with nature-derived resources for both hydrogen 

bond acceptor and donor, have been highlighted and applied to biomass pretreatment.9, 15, 16 A wide 

variety of chemicals, including lactic acid, glycolic acid, oxalic acid, malic acid, guaiacol, p-

hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, vanillin, catechol, 4-hydroxybenzyl alcohol, and 

p-coumaric acid have also been investigated in DES pretreatment studies as a hydrogen bond 

donor.17-23 As for hydrogen bond acceptors, ChCl, a naturally available quaternary ammonium salt 
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with a cation and chloride anion has been widely used, and other natural components have been 

introduced to investigate an ideal DES combination for biomass pretreatment using betaine, L-

carnitine, and allyltrimethylammonium chloride with various types of hydrogen bond donors.23-25 

Among them, lignin-derived DESs have been introduced as renewable DESs, which could be 

achieved from the biorefinery process, leading to a sustainable closed-loop biorefinery using a 

generated aromatic compound during processing.21 

The strategy of green chemical media from lignin for biomass processing has been studied to 

improve sustainability and accomplish the circular economy of biorefinery processes.21, 26 Lignin 

can be obtained from plant cell walls by biomass pretreatments and then processed further to form 

several phenolic compounds.27-29 These phenolic compounds-based DESs have been pretreated 

with several biomass feedstocks in their optimum processing conditions.19-21, 30, 31 Also, the 

different molar ratios and combinations of lignin-derived DESs were compared to evaluate the 

pretreatment efficiency. Kim et al. tested several phenolic compounds including vanillin, catechol, 

4-hydroxybenzyl alcohol, and p-coumaric acid synthesized with ChCl for DES formation and 

compared their biomass pretreatment performance.21 Wang et al. prepared 4-

hydroxybenzylaldehyde DES and compared the performance of biomass pretreatment with p-

hydroxybenzoic acid and p-coumaric acid.32 Also, Zhou et al. reviewed and summarized the 

efficiency of DESs on biomass pretreatment with many combinations of hydrogen bond acceptors 

and donors.33 However, these were applied to different biomass feedstock and conducted under 

different processing conditions; therefore, it is difficult to elucidate the impact of HBD’s chemical 

structure on DES performance directly. 

In this study, phenolic aldehydes having different functional groups were tested for DES 

formation as well as biomass pretreatment. In specific, the effects of methoxy groups in lignin-
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derived phenolic aldehydes on biomass pretreatment were investigated, to represent the main 

aromatic units derived from lignin resources such as syringyl, guaiacyl, and p-hydroxyphenyl units. 

The phenolic aldehydes can easily be produced by oxidative depolymerization of lignin.34 Also, a 

closed-loop process was identified using phenolic aldehyde DESs, part of which could be derived 

from aldehyde-rich engineered biomass through hydrothermal depolymerization.15, 29 Therefore, 

4-hydroxybenzaldehyde (HBA, no methoxy), vanillin (VA, monomethoxy), and syringaldehyde 

(SA, dimethoxy), differing in the number of methoxy groups, were selected as hydrogen bond 

donors for DES formation with ChCl as a hydrogen bond acceptor. The thermophysical properties 

of DESs have been rarely discussed, influencing the performance of biomass pretreatment as a 

new processing chemical. while understanding the formation, and thermal characteristics of DESs 

will be crucial for biomass processing.35 The thermal properties of the DESs were studied, and the 

biomass pretreatment efficiencies were characterized based on factors like chemical composition 

and enzymatic hydrolysis yields. This study aims to establish a fundamental understanding of DES 

formation and pretreatment performance based on the chemical structure changes of hydrogen 

bond donors with different methoxy groups. This information can be applied to advanced 

computational tools like machine learning for designing promising lignin-derived DESs for future 

biorefinery processes. 

2. Materials and Methods 

2.1. Materials 

Sugar maple was obtained from forest properties of the State University of New York College 

of Environmental Science and Forestry (SUNY ESF). The biomass was Wiley-milled and screened 

to 20 mesh size for characterization and pretreatment. The chemical compositions of sugar maple 

including glucan (45.2%), xylan (23.2%), Klason lignin (24.1%), ash (1.6%), and extractives 
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(0.9%) were characterized based on the NREL procedure.36 ChCl (98%) and VA (99%) were 

purchased from Sigma-Aldrich and Acros, respectively. HBA (98%) and SA (98%) were obtained 

from Alfa Aesar. Avicel®, enzyme (Cellic CTec2), sodium acetate trihydrate (99%), and sodium 

azide (99%) were purchased from Sigma-Aldrich. All other chemicals were purchased from VWR 

and used without further purification. 

2.2. DES preparation 

The phenolic aldehyde DESs were synthesized using ChCl as a hydrogen bond acceptor with 

three different hydrogen bond donors, HBA, VA, and SA, in a 1:2 molar ratio, respectively. The 

choline chloride and phenolic aldehyde were loaded in the 150 mL Pyrex bottle and blended with 

a vortex mixer until they were mixed homogeneously. ChCl-HBA and ChCl-VA DES were formed 

at 100 °C for 30 minutes, and ChCl-SA DES was prepared at 160 °C for 4 hours in an oil bath with 

magnetic stirring. The formed DESs were stored in a vacuum chamber with silica gel at room 

temperature to prevent moisture absorption.  

2.3. Biomass pretreatment 

Sugar maple was soaked in the prepared DES at 1:10 solid-to-liquid ratio (w/w) and pretreated 

at 160 °C for 3 hours with 500 rpm stirring. The reaction condition was determined from our 

previous study.32 Once the pretreatment was finished, the reaction was quenched with ethanol and 

water solution (1:1, v/v) and cooled down at room temperature. The pretreated biomass was 

vacuum filtered with qualitative P2 grade filter paper. The solid residue was further washed with 

ethanol and water solution until the filtrate turned colorless and transparent. The post-processing 

of the pretreated biomass was conducted by overnight soaking followed by 5 times of individual 

sonication (3 minutes per time) in the ethanol and water solution (1:1, v/v) to avoid heating the 

solution.  



 7 

The liquid-liquid extraction was applied to the liquid fractions after DES pretreatment to 

recover the lignin through membrane filtration. The liquid fraction after pretreatment was blended 

with water and ethyl acetate in a Pyrex bottle. The recovered lignin was obtained from ethyl acetate 

phase through membrane filtration using an Amicon stirred ultrafiltration cell (UFSC20001, 

Amicon Corporation) with a 1 kDa regenerated cellulose membrane disc. The liquid was stirred at 

100 rpm to prevent the filter cake formation, and pressure inside the stirrer was controlled to 20 

psi with nitrogen gas. The remained lignin on the membrane filter was air-dried and stored for 

further analysis. 

2.4. Enzymatic hydrolysis  

Enzymatic hydrolysis of untreated and pretreated biomass was performed at 1 wt% of solid 

loadings under the condition of pH 4.95, with sodium acetate buffer (50 mM) and sodium azide 

(0.02%). The enzyme loading was 15 FPU/g of biomass. The enzymatic hydrolysis was carried 

out in an incubator with a shaking speed of 150 rpm at 50 °C for 72 hours.  A 1 mL of liquid 

aliquot was taken from flasks at 6, 12, 24, 48, and 72 hours and heated at 95 °C for 5 minutes to 

quench the enzymatic reactions. After quenching, the hydrolysates were filtered through a 0.22 

μm nylon filter for the HPLC analysis.  

The glucan and xylan conversion were calculated as follows:  

𝐺𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑔) × 0.9

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑙𝑢𝑐𝑎𝑛 𝑖𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔)
× 100 

𝑋𝑦𝑙𝑎𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑥𝑦𝑙𝑜𝑠𝑒 (𝑔) × 0.88

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑥𝑦𝑙𝑎𝑛 𝑖𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔)
× 100 

Here, the conversion factors of glucose to glucan and xylose to xylan were 0.9 and 0.88, 

respectively. 
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The inhibition effect of each DES component on enzymatic hydrolysis was tested with Avicel 

using different concentrations of phenolic aldehydes and ChCl. Avicel was loaded at 1 wt% in 50 

mL reaction volume. ChCl, HBA, VA, and SA were added to the solution at different 

concentrations (0.0025, 0.005, 0.01, and 0.02%). Other factors, including sodium acetate buffer 

concentration (pH 5.0), sodium azide concentration, and enzyme loading were the same as the 

hydrolysis reaction for pretreated biomass. The hydrolysates of untreated and pretreated biomass 

were tested by the HPLC as mentioned above.  

2.5. Characterizations of phenolic aldehyde DESs 

2.5.1. Thermal properties of the phenolic aldehyde DESs 

The formation of eutectics was confirmed by characterizing the thermal behavior of each DES 

by a differential scanning calorimeter (DSC, TA Instrument Q200). The DES samples (3–5 mg, 

completely dried) were loaded into a T-zero hermetic pan and sealed with lid for DSC testing. The 

analysis was conducted from -80 to 60 °C with a ramping rate of 3 °C/minute in two sequential 

heating–cooling cycles, purging with 50 mL/minute of nitrogen purging. The isothermal was 

applied for 2 minutes to each stage except at the end of cycle 1, maintaining at -80 °C for 60 

minutes. 

The thermogravimetric analysis (TGA, TA Instrument Q500) was also conducted to measure 

the thermostability of the synthesized DESs. The prepared DESs were stored in a vacuum container 

with silica gels before measurement. Approximately 5 to 10 mg of samples were placed on the T-

zero hermetic pan with a pin-hole lid to prevent unexpected weight changes due to the vaporization 

of liquid while the heat increased. The samples were heated to 600 °C at 10 °C/minute under the 

nitrogen atmosphere with a nitrogen flow rate of 60 mL/minute. 

2.5.2. Fourier transform infrared (FT-IR) spectroscopy 



 9 

The pure chemicals of DES constituents and prepared DESs were scanned by Fourier transform 

infrared/near-infrared spectrometry (FT-IR/NIR Spectrometer, PerkinElmer) with 32 scans and 

recorded between a wavelength range between 4000 cm-1 and 600 cm-1. The baseline was corrected 

by employing the software (PerkinElmer Spectrum Version 10.4.3).   

2.6. Analytical methods 

2.6.1. Chemical compositional analysis 

The compositional measurement of pretreated biomass was performed according to the 

National Renewable Energy Laboratory standard protocol.36 To measure the chemical composition 

of untreated and pretreated biomass, in brief, 0.3 g of the oven-dried weight of the sample was 

placed in 3 mL of 72% sulfuric acid. The mixture was placed in a 30 °C water bath for 1 hour and 

stirred with a glass rod. Then, the acid concentration was diluted to 4% diluted with additional 

deionized water into a 125 mL Pyrex bottle and the mixture was heated at 121 °C for 1 hour in an 

autoclave. The hydrolysate was filtered through a glass filtering crucible, and the weight of Klason 

lignin was measured by gravimetrically considering the weight of the remained ash in the residues 

by heating at 575 °C in a muffle furnace. The measurement of sugar composition in the filtrate 

was carried out with a high-performance liquid chromatography (HPLC, Agilent Technologies 

1260 Infinity) equipped with a Biorad Aminx HPX-87H column and a RefractoMax 520 refractive 

index (RI) detector. The liquid was filtered with a 0.2 μm nylon syringe filter before analysis. All 

tests were duplicated. 

2.6.2. Scanning electron microscopy (SEM) analysis 

To explore the morphology of untreated and pretreated biomass, a scanning electron 

microscopy (SEM) analysis was conducted. The samples were vacuum-dried prior to SEM 

analysis. All samples were coated with gold and palladium on metal stubs with carbon conductive 
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tape using a Denton Vacuum sputter coater. The SEM images were taken using a JEOL-JSM-

IT100LA Scanning electron microscope.  The electron gun parameters were set as follows:10 kV 

and 70 pA. 

2.6.3. Cellulose degree of polymerization  

Cellulose tricarbanilate was prepared from untreated and DES-pretreated biomass to evaluate 

the cellulose degree of polymerization.32, 37 The biomass sample (0.3 g) was treated with 6 mL of 

25 wt% peracetic acid aqueous solution at 25 °C for 24 hours. Then deionized water was used to 

wash the peracetic acid-treated holocellulose until the pH of the filtrate reached neutral. The air-

dried holocellulose was treated with 17.5 wt% of sodium hydroxide aqueous solution at 25 °C for 

2 hours. The concentration of alkaline was subsequently dropped to 8.75% by adding the deionized 

water into the reaction bottle and the mixture was stirred at 25 °C for another 2 hours. The α-

cellulose was obtained by centrifugation and washed with 1% peracetic acid and deionized water, 

followed by freeze-drying. The cellulose tricarbanilation was conducted by mixing 15 mg of α-

cellulose and 0.5 mL of phenyl isocyanate in 4 mL of pyridine. The mixture was stirred at 70 °C 

for 24 hours and a further 24 hours with an additional 0.5 mL of phenyl isocyanate. The cellulose 

derivate was regenerated by dropping the mixture slowly into a 70% methanol aqueous solution. 

The cellulose tricarbanilate was washed with a methanol-water mixture and deionized water and 

dried under vacuum at 40 °C for 6 hours. Before testing, the cellulose derivate was dissolved in 

tetrahydrofuran (THF) and filtered into a 2 mL HPLC vial through a 0.45 μm syringe PTFE filter. 

The molecular weight was analyzed with the Agilent gel permeation chromatography (GPC) 

SECurity 1200 system with RI and a UV detector. The molecular weights of tested cellulose were 

measured to calculate DPw and DPn. The repeating unit of tricarbanilated cellulose is 519 g/mol. 

2.7. Characterization of recovered lignin  
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The structural characterization of recovered lignin was performed using two-dimensional 

heteronuclear single quantum coherence nuclear magnetic resonance (2D HSQC NMR) analysis 

using a Bruker AVANCE III HD 800 MHz NMR equipped with a TCI cryoprobe. The recovered 

lignin (~30 mg) was dissolved in 0.6 mL of deuterated dimethylsulfoxide (DMSO-d6) and loaded 

in an NMR tube for analysis. The processing of the hsqcetgpsp pulse program was controlled with 

acquisition parameters with 32 scans and 1 s of relaxation delay, with time domains of 1024 data 

points in the F1 (13C) and 1024 data points in the F2 (1H) dimensions. The spectral widths were 

219 and 12 ppm in the F1 (13C) and F2 (1H), respectively. 

Recovered lignin was acetylated to measure the weight-average (Mw) and number-average (Mn) 

molecular weights, and dispersity (Đ). The lignin was acetylated in pyridine/acetic anhydride (1:1, 

v/v) with continuous stirring for 24 hours followed by the previous study.32 The acetylated lignin 

was recovered by rotary evaporation, dissolved in THF, and placed into the 2mL HPLC vial after 

being filtered through 0.45 μm syringe PTFE filters. The molecular weight was determined by an 

Agilent GPC SECurity 1200 system with four Waters Styragel columns (HR 1, HR 3, and HR 4E) 

and a Waters 2489 UV/Vis detector. The data processing was conducted with Breeze software. 

The cellulolytic enzyme lignin (CEL) was isolated as a native lignin from untreated sugar maple 

by ball milling and enzymatic hydrolysis followed by dioxane extraction, according to the previous 

study.38 

 

3. Results and Discussion 

3.1. Effects of hydrogen bond donor structures on phenolic aldehyde DESs formation 



 12 

 

Figure 1. Phase transition temperatures of (a) ChCl-HBA, (b) ChCl-VA, and (c) ChCl-SA. 

The DES can be formed via melting temperature depression in a eutectic mixture, with 

significantly lower thermal behavior of pure ingredients.12 As lignin-based DESs, previous studies 

reported that HBA and VA could form clear and homogeneous liquids with ChCl.21, 32 The 

formation of phenolic aldehyde DESs was tested with the molar ratios of ChCl to phenolic 

aldehydes from 1:1 to 1:4. Homogeneous liquids were observed only at a 1:2 molar ratio for ChCl-

HBA DES, 1:2 and 1:3 for ChCl-VA DES, and 1:2 to 1:4 for ChCl-SA DES (Figure S1). Since 

all three DESs formed at a 1:2 molar ratio, the phenolic aldehyde DESs at this ratio were used as 

biomass processing solvents to compare the performance of pretreatment in this study.  

The formation of deep eutectic solvents can also be verified with their thermodynamic 

behavior. The phase transition temperatures, including glass transition temperature (Tg), cold 

crystallization temperature (Tcc), and melting temperature (Tm), of each DES at a 1:2 molar ratio 

are presented in Figure 1 and Table S1. The results were reported after heating-cooling-heating 

cycles to remove the thermal history39 of three types of DESs shown in Figure S2. The second 

heating cycle provided a better thermal transition diagram than the first heating. The formation of 
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DES was confirmed by comparing the Tm of the eutectic mixture with its pure chemical 

components. According to the literature, Tm of ChCl, HBA, VA, and SA are 302 °C,40 119 °C,41 

82 °C,42 and 110 to 112 °C,43 respectively. ChCl-HBA showed the lowest Tm at 23 °C, which was 

a significantly lower temperature than the pure ChCl and HBA. ChCl-VA showed a higher phase 

transition temperature than ChCl-HBA but still had a lower Tm (55 °C) than the pure chemical 

components of the DES. It was difficult to observe the Tm of ChCl-SA and this DES only exhibited 

a Tg in the temperature range of DSC operation between -80 and 70 °C. The Tg of ChCl-HBA, 

ChCl-VA, and ChCl-SA were -70, -17, and -13 °C, respectively. 

To support the interaction in phenolic aldehyde DES, the FT-IR analysis of prepared DES 

and its pure chemicals was conducted (Figure S3). All three types of DESs had strong broad bands 

ranging from 3200–3600 cm−1, implying the presence of hydrogen bonds between ChCl and 

hydrogen bond donors.44 The O―H stretching vibration of ChCl showed at 3221 cm−1, and the 

peaks of phenolic aldehydes at 3160, 3162, and 3257 cm−1 were HBA, VA, and SA, respectively. 

Wang et al. also reported the O―H stretching vibration of DESs depends on its intermolecular 

interaction between the acceptor and donor. The interaction (O―H···Cl) increases bond length, 

resulting in the red shifts when tested with DESs composed of ChCl and diols (1,2-butanediol, 1,3-

butanediol, 1,4-butanediol, and 2,3-butanediol) as hydrogen bond donor.45 In phenolic aldehyde 

DESs, the evident peak between the O―H stretching vibration region was observed at 3158 cm−1 

in ChCl-HBA DES, 3168 cm−1 in ChCl-VA, and 3238 cm−1 in ChCl-SA DES. Compared to the 

O―H stretching vibration frequency of ChCl, the higher red shifts were observed in ChCl-HBA 

followed by ChCl-VA, and ChCl-SA. It implies the hydrogen bond interaction between the DES 

constituents can be decreased with additional numbers of methoxy groups. In brief, these results 

indicate that phenolic aldehyde DESs were successfully prepared, and the different 
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thermodynamic behaviors and hydrogen bond interaction of the phenolic aldehyde eutectic 

mixtures were affected by the number of methoxy groups in their chemical structure. This 

difference in thermodynamic behavior plays an important role in explaining the difference in each 

DES performance in the following sections. 

 

3.2. Thermal stability of phenolic aldehyde DESs as a biomass processing solvent 

 

Figure 2. Thermal degradation behaviors of phenolic aldehyde DESs. 

Table 1. Onset temperature of phenolic aldehyde DESs and their pure chemicals. 

 

 The thermal degradation behavior of the processing solvent is critical to determine the 

biomass pretreatment conditions. It is related to the feasible reaction temperature range as well as 

the thermal stability of the solubilized biomass components during the processing, influencing the 

quality of the fractionated components such as lignin. The thermal stability of DES is known to be 
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comparable with ionic liquids, enabling high processing temperatures with low vapor pressure.46 

The interactions between the hydrogen bond acceptor and donor are crucial for the thermal stability 

of DESs.44 Herein, the onset decomposition temperatures of the phenolic aldehyde DESs were 

measured by TGA to investigate the thermal stability of phenolic aldehyde DESs (Figures 2 and 

S4 and Table 1). All three DESs showed onset decomposition temperatures over 225 °C, 

indicating their high thermal stability. In previous studies, the onset decomposition temperature of 

ChCl-urea DES (1:2 mol/mol) was reported to be 173 °C, and ChCl-phenylpropionic acid (1:2 

mol/mol) was 156 °C.47 Compared to those other DESs, the phenolic aldehyde DESs applied in 

this study have a broader processing temperature range, up to around 225 °C.  

The onset decomposition temperatures of phenolic aldehyde DESs were notably different 

depending on the chemical structure of their hydrogen bond donors. ChCl-VA showed the lowest 

onset decomposition temperature among the three types of DESs at 225 °C, followed by ChCl-

HBA (240 °C) and ChCl-SA (242 °C). Compared with the thermal degradation behavior of the 

pure chemicals, the studied phenolic aldehyde DESs showed enhanced thermal stability (Table 1 

and Figure S4). The lowest onset temperature of the hydrogen bond donor was 135 °C (VA), while 

the highest temperature was 177 °C (SA), leading to the highest thermal stability of ChCl-SA 

among the three DESs. Still, the onset temperatures of ChCl-HBA, ChCl-VA, and ChCl-SA were 

lower than the temperature of ChCl measured at 293 °C in this work. However, unlike pure ChCl 

which fully decomposed at 311 °C, the prepared DESs maintained over 40% of their weight over 

300 °C. In particular, ChCl-HBA showed higher thermal stability during elevated temperatures up 

to 600 °C. One of the strong interactions, hydrogen bonding in DES can explain this high thermal 

stability.48, 49 ChCl-HBA preserved 60% of its weight at 300 °C and 33% was retained at 600 °C, 
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which was higher than the other two DESs. This result indicates that ChCl-HBA has the strongest 

hydrogen bonding among the three DESs. 

 

3.3. Effects of phenolic aldehyde DES pretreatments on chemical composition of sugar 

maple 

  

Figure 3. (a) Chemical composition of untreated and pretreated sugar maple and (b) cellulose 

retention, removals of lignin and xylan using ChCl-HBA, ChCl-VA, and ChCl-SA. Note. 

Chemical composition was calculated based on the dried weight of untreated sugar maple. 

Herein, phenolic aldehyde DESs were used as a renewable processing solvent to improve 

fermentable sugar production from sugar maple. The pretreatments were conducted using the three 

DESs, ChCl-HBA, ChCl-VA, and ChCl-SA, at 160 °C for 3h. Each pretreatment performance was 

compared to elucidate the impacts of the chemical structure of phenolic aldehydes as a hydrogen 

bond donor. The chemical composition of untreated sugar maple was 45.2% glucan, 23.2% xylan, 

24.1% Klason lignin, 1.6% ash, and 0.9% extractives. Figure 3a and Table S2 show the changes 

in the chemical composition of sugar maple by each DES pretreatment. Interestingly, the methoxy 

groups in the phenolic aldehyde hydrogen bond donors resulted in different lignin content of 

pretreated biomass. ChCl-HBA, which has no methoxy groups on the hydrogen bond donor, 
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resulted in the lowest lignin contents of 2.9%, followed by ChCl-VA, and ChCl-SA DES pretreated 

biomass containing 11.4% and 16.5%, respectively. Regarding the carbohydrate contents, ChCl-

HBA and ChCl-VA pretreated biomass showed similar xylan contents of 9.4% and 9.5%, while 

ChCl-SA pretreated biomass had 15% xylan. However, ChCl-VA pretreated biomass had the 

lowest glucan content of 42.5%, followed by ChCl-HBA pretreated (43.6%) and ChCl-SA 

pretreated biomass (44.6%), implying slight degradation of cellulose structure during the DES 

pretreatments. 

The cellulose retention, delignification, and xylan removal by phenolic aldehyde DES 

pretreatments are shown in Figure 3b and Table S3. Overall, 90% of cellulose was preserved after 

all three DES pretreatments. ChCl-VA pretreated biomass showed the lowest cellulose retention 

at 93.2%, while pretreatment with ChCl-HBA, and ChCl-SA retained 97.5% and 98.5% cellulose, 

respectively. The xylan removal and delignification of ChCl-HBA from sugar maple were 59.3% 

and 88.8%, respectively. A similar amount of xylan was removed from sugar maple using ChCl-

VA, which has one methoxy group in the hydrogen bond donor structure but it showed lower 

delignification than ChCl-HBA did. ChCl-SA, which has two methoxy groups in the hydrogen 

bond acceptor, resulted in the lowest pretreatment performance based on xylan and lignin removal, 

being 35.6% and 33.9%, respectively. Based on the FT-IR results in Figure 3S, the highest 

hydrogen bond interaction was estimated in ChCl-HBA DES, which has a hydroxyl group on 

phenolic aldehyde (no methoxy) as a hydrogen bond donor. Also, it showed the most effective 

pretreatment performance, removing lignin from the biomass with minimal cellulose loss. The 

additional methoxy groups to phenolic aldehyde hydrogen bond donors reduced the efficiencies of 

xylan removal and delignification during the pretreatment, with the decrease of hydrogen bond 

interactions compared to ChCl-HBA DES.  
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3.4. Effects of phenolic aldehyde DES pretreatments on morphological properties of sugar 

maple 

  

Figure 4. Morphological observation for (a) untreated biomass, pretreated sugar maple from (b) 
ChCl-HBA, (c) ChCl-VA, and (d) ChCl-SA. 

Once the recalcitrance component such as lignin was removed from phenolic aldehyde DES 

pretreatment, the morphological changes were observed depending on the number of methoxy 

groups of phenolic aldehydes (Figure 4). The untreated biomass showed a packed arrangement. 

However, the pretreated biomass from ChCl-HBA DES disordered as individual fibers among the 

three types of hydrogen bond donors. During biomass processing, the removal of lignin and xylan 

reveals more cellulose structure and increases the surface area of biomass, increasing enzymatic 

accessibility and digestibility.50 Surface morphologies of biomass showed differences depending 
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on the number the methoxy groups of hydrogen bond donors. ChCl-VA DES pretreated biomass 

showed both fiber bundles and some of isolated fibers. ChCl-SA pretreated biomass mostly 

showed the fibers bundles. The results suggested that the surface area is varying depending on the 

number of methoxy groups in phenolic aldehyde DESs, due to the performance of xylan and lignin 

extraction during the pretreatment. 

3.5. The effects of phenolic aldehyde DESs on enzymatic hydrolysis of sugar maple 

 

Figure 5. Glucan and xylan conversions of phenolic aldehyde DES pretreated sugar maple after 

72 hours of enzymatic hydrolysis. 

The enzymatic hydrolysis yield directly influences biomass utilization, such as biofuel 

production. The conversion efficiency of phenolic aldehyde DES pretreated sugar maple was 

evaluated by glucan and xylan conversions by enzymatic hydrolysis (Figure 5 and Table S4).  

Glucan and xylan conversions of all three DESs pretreated biomass were higher than those of 

untreated sugar maple (5.2% and 2.4%, respectively). The carbohydrate conversion yield of ChCl-

HBA pretreated biomass was the highest, followed by ChCl-VA, and ChCl-SA. ChCl-HBA 

pretreatment resulted in 69.6% glucan conversion and 32.6% xylan conversion after 72 hours of 

enzymatic hydrolysis. However, when the number of methoxy groups in the hydrogen bond donor 
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increased, the carbohydrate conversions of the DES pretreated biomass were decreased. Glucan 

conversion was 59.5% with ChCl-VA pretreated biomass and 41.0% of ChCl-SA one. Similarly, 

the xylan conversion of ChCl-HBA pretreated biomass was 32.6% after 72 hours of enzymatic 

hydrolysis, followed by ChCl-VA pretreated (28.8%) and ChCl-SA pretreated (21.4%). These 

results implied that the conversion of carbohydrates was influenced by the pretreatment solvents. 

However, as shown in Figure S5, the glucan conversion of ChCl-HBA pretreated biomass at 72 

hours of enzymatic hydrolysis was only ~70%, and less than 30% of glucan was converted at 12 

hours of enzymatic hydrolysis. To improve the digestibility of enzymatic hydrolysis, further 

processing for the pretreated biomass can be considered. 

3.6. Effect of post-processing assisted by sonication with aldehyde DESs pretreated biomass 

 

Figure 6. Changes of (a) chemical compositions of pretreated biomass and post-processed 

biomass and (b) their glucan and xylan conversions after 72 hours of enzymatic hydrolysis. 

 Although the applied DES pretreatments notably changed the chemical composition of 

sugar maple, as shown in Figure 3 and Tables S2 and S3, their enzymatic hydrolysis yields were 

not effectively improved (Figures 5 and S5 and Table S4). It was reported that the remaining DES 

in the biomass caused an inhibition effect on the enzymatic hydrolysis of biomass.51 Therefore, a 

post-processing step by sonication was carried out on the pretreated biomass to further reduce the 

recalcitrance. Overall, the glucan content increased, while xylan and lignin contents decreased 
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after the post-processing (Figures 6a and S6 and Tables S5–S6). The post-processed ChCl-HBA 

biomass showed 5.0% higher glucan content and 4.3% lower xylan contents than the 

corresponding pretreated biomass, without significant changes in lignin content. The post-

processed ChCl-HBA also showed 13.7% higher glucan conversion and 17.5% improved xylan 

conversion after 72 hours of enzymatic hydrolysis (Figure 6b and Tables S7).  

While the post-processed ChCl-VA biomass had 17.7% higher xylan conversion than the 

pretreated biomass, the glucan conversion was not significantly enhanced. In chemical 

composition, the post-processed ChCl-VA biomass had 5.6% higher glucan contents, 2.6% lower 

xylan content, and 4.1% lower lignin content than the pretreated biomass. ChCl-SA pretreated 

biomass also showed small changes in chemical composition after post-processing, with 3.7% 

higher glucan contents, while the 1.2% xylan and 2.6% lignin content decreased. The inhibition 

effect on the enzymatic hydrolysis of biomass can be caused by various factors, such as remaining 

DES and its components.51 Therefore, glucan digestibility of cellulose (i.e., Avicel) was tested 

with different concentrations of hydrogen bond acceptor and donor, to understand the inhibitory 

effects of the DES constituents (Figure S8). Results showed that even a small amount of VA, and 

SA reduced the glucan conversion, while ChCl and HBA resulted in similar glucan conversion at 

72 hours of enzymatic hydrolysis. Since the inhibitory effects of free HBA and ChCl on glucan 

digestibility were not significant, the enhanced glucan conversion of ChCl-HBA pretreated 

biomass with post-processing can be caused by other parameters. 

3.7. Impacts of phenolic aldehyde DES pretreatments on cellulose degree of polymerization 

in sugar maple 
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Figure 7. Number-average degree of polymerization (DPn), weight-average degree of 

polymerization (DPw), and dispersity (Đ) of cellulose in untreated and phenolic aldehyde DESs 

pretreated sugar maple.  

While DES pretreatment primarily changed the chemical composition of sugar maple, it also 

affected the characteristics of cellulose in the biomass, potentially influencing the glucan 

conversion yield in enzymatic hydrolysis. Cellulose degree of polymerization has been reported 

as an indicator of the recalcitrance of biomass.32, 52 This information provides how much reducing 

ends are available in cellulose and shows a good correlation to glucose production.37, 52 Figure 7 

and Table S8 show the DPn, DPw, and Đ of cellulose in the untreated and DES pretreated biomass 

to understand the effects of phenolic aldehydes on cellulose in sugar maple. The DPw of untreated 

sugar maple cellulose was 5414 and its Đ was 3.6. The degree of cellulose polymerization 

decreased substantially after all three DES pretreatments. ChCl-HBA pretreatment resulted in the 

lowest cellulose DPw (1834). ChCl-VA and ChCl-SA also decreased cellulose DPw to 2829 and 

3376, respectively. These results indicated that the phenolic aldehyde DESs not only affected 

delignification but also had interactions with cellulose, resulting in different cellulose DP. 

3.8. Structural properties of recovered lignin from phenolic aldehyde DES pretreatment 
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Table 2. Number-average molecular weight (Mn), weight-average molecular weight (Mw), and 

dispersity (Đ) of recovered lignin after phenolic-aldehyde DESs pretreatment. 

Lignin Mn (g/mol) Mw (g/mol) Đ 

CEL 1468 4339 2.9 

ChCl-HBA Lignin 1482 2077 1.4 

ChCl-VA Lignin 966 1356 1.4 

ChCl-SA Lignin 1040 1594 1.5 

 

In addition to the abovementioned fermentable sugars, fractionated lignin can also be used 

for the production of sustainable biofuels and biochemicals through several approaches such as 

hydrothermal carbonization, pyrolysis, biomass liquefaction, and gasification.53 For instance, Lyu 

et al. extracted lignin from the willow using a ChCl-lactic acid DES and then processed it further 

via pyrolysis.54 The authors reported that the relatively low molecular weight of lignin (1810–1040 

g/mol) would facilitate lignin intermolecular linkage cleavage during pyrolysis and result in a high 

yield of phenol and guaiacol production. This implies that the characteristics of the recovered 

lignin, like molecular weight, are critical factors for its valorization. Table 2 presents the number-

average molecular weight (Mn), weight-average molecular weight (Mw), and dispersity (Đ) of 

phenolic aldehyde DES-extracted lignins and CEL. The Mw of CEL was 4339 g/mol and its Đ was 

2.9. After the pretreatment, the Mw of lignin decreased substantially, ranging from 1500 to 2100 

g/mol, while the dispersity decreased to 1.4–1.5, indicating improved homogeneity. Among the 

three phenolic aldehyde DESs, ChCl-VA resulted in the lowest Mw of lignin of 1356 g/mol, 

followed by ChCl-SA lignin (1594 g/mol) and ChCl-HBA lignin (2077 g/mol). It is interesting to 

note that ChCl-HBA, with no methoxy groups in the phenolic aldehyde hydrogen bond donor 

structure, resulted in the most significant delignification (Figure 3) while generating lignin with 
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the highest molecular weight. ChCl-HBA predominantly cleaved β-O-4 linkages (Figure S9), 

potentially causing condensation between the extracted lignin fragments, leading to the higher 

molecular weight, related to the amount of C-O-C linkages in recovered lignin.55 ChCl-VA and 

ChCl-SA, however, resulted in lower β-O-4 linkage cleavage (Figure S9). The evaluation of the 

chemical structural properties in lignin such as inter-unit linkages and aromatic units is available. 

The remained hydrogen bond donors in the recovered lignin can be extracted through simple 

hydrothermal treatment and recycled in a biorefinery system. Wang et al. have synthesized lignin-

based DES consisting of p-hydroxybenzoic acid as hydrogen bond donor and successfully provide 

ways to obtain sustainable biorefinery processes.32 Also, many studies have been trying to verify 

the lignin modification in material applications (e.g., phenolation).56, 57 Furthermore, the 

incorporation of functional groups like phenolic aldehydes benefits application in various ways, 

such as lignin-containing hydrogel, composite, and polymer.58 In the aromatic region of the HSQC 

spectra, the DES fractionated lignin showed some interactions with applied hydrogen bond donors. 

However, further study is needed to explain their interactions and potential applications (Figures 

S10 and S11).  

Conclusion 

  Three phenolic aldehyde DESs, ChCl-HBA, ChCl-VA, and ChCl-SA, were prepared to 

understand the impact of the methoxy group on DES formation and biomass pretreatment. The 

formation of DESs was confirmed with the significantly lowered phase transition temperature of 

ChCl-HBA, ChCl-VA, and ChCl-SA compared with their individual components. The studied 

phenolic aldehyde DESs showed over 225 °C of onset thermal degradation temperature, making 

them biomass processing solvents with a wide range of operational temperatures. Pretreatment 

with ChCl-HBA resulted in the highest xylan removal and delignification, and the lowest cellulose 
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DPw, leading to 83.4% glucan and 50.1% xylan conversion yields. The presence of methoxy groups 

in hydrogen bond donors negatively influenced biomass pretreatment and fermentable sugar 

production. These results provide insight into the impact of functional groups of hydrogen bond 

donor structures on biomass pretreatment using DES, which would facilitate understanding the 

performance during the pretreatment process and the exploitation of DES as a designer solvent. 
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