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Abstract 

The increasing demand to replace chemicals derived from fossil fuels with sustainable ones has 

positioned lignocellulosic biomass as a promising alternative. Among its components, lignin is 

the most underutilized despite being rich in aromatics. In this work, the extraction of lignin 

from brewery spent grain using deep eutectic solvents (DES) and its electrochemical 

depolymerization is studied. Two extraction temperatures (100 or140°C) were investigated. The 

DESs studied were choline chloride/lactic acid (ChCl/LA) at a molar ratio of 1:1 and 1:10, and 

a ternary DES composed of choline chloride, ethylene glycol, and oxalic acid (ChCl/EG/OA). 

Kamlet-Taft parameters of of the DESs were also determined using solvatochromic dyes to. for 

the ChCl/LA based extraction, the results revealed that both acidity (high LA content) and high 

temperature favored solid recovery whereas their effect on lignin purity wasn’t as visible. The 

ternary DES system yielded the least pure lignin despite its high solid recovery. These 

observations were in line with the Kamlet-Taft parameters of the DES. The difference between 

the acidity and basicity (α – β) of DESs as determined using solvatochromic dyes gives an 

insight into lignocellulose solvation potential. High values mean better the DES dissolves lignin 

better. The α – β value for the three DESs were: ChCl/LA 1:10) > ChCl/LA (1:1) > ChCl/EG/OA 

(1:2:10 w%). The structural analysis of the recovered lignin was also analyzed using FTIR and 

2D HSQC NMR. FTIR spectra showed characteristic bands for aromatic skeletal vibrations 

(~1510 and 1630 cm⁻¹). NMR analysis confirmed the presence of guaiacyl (G) and syringyl (S) 

units as well as linkages such as β–O–4, β–β. Finally, electrochemical depolymerization of the 

extracted lignin in alkaline media using a nickel working electrode was researched. The lignin 

sample that was extracted with ChCl/LA (1:1) at 140°C for 3h was studied for 

depolymerization, and preliminary results demonstrated that lignin breakdown under mild, 

reagent-free conditions, as observed by its color change and reduced UV absorbance after 

electrolysis. This is an interesting starting point to proceed further with the identification and 

quantification of the monomers. 
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1 Introduction 

1.1. Context 

This work is part of the broader APROV(E) project (“Assembly of green PROcesses for optimal 

biomass Valorization”), which aims to develop a circular biorefinery for the efficient 

valorization of lignocellulosic biomass (LCB). The different aspects of the APROV(E) projects 

are depicted in Figure 1. The emphasis of this work is on work package one (WP1) that is to 

select, design, and optimize DESs for effective biomass fractionation. A lignin first biorefinery 

approach was adapted to extract lignin suitable for electrochemical depolymerization in work 

package two (WP2) while generating cellulose and hemicellulose-rich fractions suitable for 

downstream processing in work package four (WP4). This work also includes preliminary 

studies of the electrochemical depolymerization of extracted lignin in WP2. 

 

 

Figure 1: APROV(E) project 

LCB is recognized as a renewable resource to produce fuels, chemicals, and material. It is 

estimated that around 180 billion tons of LCB is produced annually worldwide ((Mujtaba et al., 

2023). It is primarily composed of cellulose, hemicellulose, and lignin. The valorization of 

cellulose and hemicellulose is industrially mature. However, lignin remains underutilized 

despite being the number one natural source of aromatic compounds (Kropat et al., 2021). This 

underutilization largely stems from the recalcitrant and heterogeneous nature of lignin as well 

as from the structural modifications that occur during conventional pretreatments such as kraft 

which lead to condensation or loss of reactive β–O–4  linkages (Cassoni et al., 2022).  

As a result, interest has grown in lignin-first biorefinery approaches that prioritize lignin 

stabilization to preserve its native structure (Luo et al., 2023). Deep eutectic solvent (DES) 

fractionation of biomass is an emerging method in this aspect. DESs are formed by mixing 

hydrogen bond donors (HBDs) and hydrogen bond acceptors (HBAs) and are interesting for 

biomass fractionation due to their tunability, low toxicity, and capacity to selectively solubilize 

lignin while preserving labile linkages. Nevertheless, a deeper understanding of how DES 

composition influences extraction efficiency and lignin structure is required. This study is a step 

in that direction. 
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The report starts with a literature Review contextualizing the different aspects of the project. It 

introduces lignocellulosic biomass describing its components and going deeper with lignin as 

it is the component of interest in this project. It then discusses the different available methods 

of biomass valorization. DESs are given special attention. Approaches on how to tailor lignin 

structure are emphasized. It then follows up with a discussion on lignin depolymerization. The 

second part of the report is a materials and methods section detailing DES preparation, biomass 

pretreatment, lignin extraction, and different characterization methods (FTIR, NMR, Klason, 

SEC). Finally, a method on electrochemical depolymerization of lignin is presented.  The third 

part of the report presents the results of the work. A fourth part is dedicated to discussions to 

critically analyze results and compare them with literature. The work finishes with a conclusion 

and feature perspectives section summarizing the important findings and giving insights into 

future work. 

 

1.2. Objectives 

The study aims to isolate lignin samples with varying structural characteristics from brewery 

spent grain for evaluation in electrochemical depolymerization. Figure 2 depicts the objectives 

graphically. The study aims to achieve this by selecting, synthesizing, and characterizing DESs 

and using different temperatures for extraction. In particular, this study aims to: 

• Select and synthesize DESs suitable for lignin extraction 

• Determine the Kamlet-Taft parameters of the synthesized DESs 

• Extract lignin from brewery spent grain using the selected DESs at 100 or 140oC 

• Characterize extracted lignin with FTIR, NMR, and Klason 

• Depolymerize lignin using electrochemical cells.  

    

 

Figure 2: graphical representation of the objectives in this work 
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2 Literature Review 

2.1. Lignocellulosic biomass  

Most of our chemicals are derived from fossil resources such as petroleum, coal, and natural 

gas. These resources are finite, are unequally distributed in the world, and have severe 

environmental consequences. This makes the search for renewable substitutes a hot agenda 

globally (Zhang, 2022). Lignocellulosic biomass represents the most abundant renewable 

organic resource on Earth with an estimated production of 180 billion tons annually. It comes 

in different forms such as agricultural and forest residues, energy crops, and grass (Mujtaba et 

al., 2023). It is primarily composed of cellulose, hemicellulose, and lignin. These three 

structural components form a highly ordered and recalcitrant matrix in plant cell walls (Figure 

3), enabling mechanical support and resistance to microbial degradation (Luo et al., 2023). 

Depending on its origin, lignocellulosic biomass can be categorized softwood, hardwood, and 

herbaceous biomass. Softwood, predominantly coniferous trees, contains a high proportion of 

guaiacyl (G) lignin, while hardwoods, such as deciduous trees, have a mixture of syringyl (S) 

and guaiacyl units. Herbaceous biomass, including grasses and agricultural residues, has a more 

diverse lignin composition with hydroxyphenyl (H) units alongside G and S subunits, making 

it structurally distinct from woody biomass (Korányi et al., 2020). 

 

Figure 3: Complex lignocellulosic biomass 

Table 1 presents typical compositions ranges of cellulose, hemicellulose, and lignin in various 

lignocellulosic biomasses (Yousuf et al., 2019). The cellulose content varies widely across the 

feedstocks, from 21–54% in energy crops to 45–55 % in hardwoods. Hemicellulose is most 

abundant in grasses (25–50%) and least in energy crops (5–30 %). Lignin content is lowest in 

energy crops (5–10%) and highest in softwoods (25–35 %). 
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Table 1: Different lignocellulosic biomasses and their major components(Yousuf et al., 2019) 

Raw material Cellulose (%) Hemicellulose (%) Lignin (%) 

Energy crops 21-54 5-30 5-10 

Grasses 25-40 25-50 10-30 

Softwood 45-50 25-35 25-35 

Hardwoods 45-55 24-40 18-25 

 

2.1.1. Cellulose 

Cellulose, the most abundant biopolymer on earth, is the major structural component of plant 

cell wall. Its composition varies between species reaching as high as 90% in cotton. Structurally, 

cellulose is a linear homopolymer of β-D-glucose units linked by β-(1→4) glycosidic bonds 

that form long chains that are bundled into microfibrils through hydrogen bonding and van der 

Waals interactions. These microfibrils have both crystalline and amorphous regions. The 

crystalline part is enzymatically resistant, while the amorphous part is easily hydrolysable 

(Bajpai, 2016). The degree of crystallinity is a critical factor affecting enzymatic digestibility 

during biomass conversion processes. 

2.1.2. Hemicellulose 

Hemicellulose is a heterogeneous polysaccharide that comprises 20–50% of lignocellulosic 

biomass by dry weight, depending on the source (Bajpai, 2016). It is composed of pentose sugar 

monomers such as xylose and arabinose with hexoses such as mannose and galactose, often 

linked via β-(1→4) and β-(1→3) glycosidic bonds. Unlike cellulose, hemicellulose is 

amorphous and branched. This structural diversity makes hemicellulose more susceptible to 

chemical and enzymatic hydrolysis compared to cellulose (Yousuf et al., 2019).Their removal 

during pretreatment is essential to improve cellulose accessibility in biofuel production. In 

biorefinery applications, hemicellulose-derived pentoses are important feedstocks for the 

production of furfural, xylitol, and second-generation ethanol (Liu et al., 2018). Hemicellulose 

can also be chemically modified for advanced biomaterials. For instance, esterification and 

etherification techniques enable the creation of thermoplastic films, hydrogels, and packaging 

materials (Mujtaba et al., 2023). 

2.1.3. Lignin 

Lignin is the second most abundant component of lignocellulosic biomass next to cellulose 

comprising 10–35% of the lignocellulosic biomass (Bajpai, 2016) and nearly 30% of the 

organic carbon in the biosphere (Kropat et al., 2021). It is highly complex and recalcitrant. Its 

main role is to protect the other lignocellulosic components from microbial biodegradation, 

make the plant cell wall hydrophobic and strong. It is the largest pool of aromatic compounds 

on earth (Wang et al., 2020).  

Lignin comes from different sources such as agricultural-waste, food waste, forest residue, and 

the pulp and paper industry (Cassoni et al., 2022). The global pulp and paper industries alone 

produce over 70 million tons of lignin annually during the pulping process, which is designed 
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to separate cellulose fibers from plant material. The majority of this lignin is typically burned 

to sustain the energy needs of the process. Only about 2% of it is being utilized for high-value 

applications (Chen et al., 2023). With growing interest in sustainable biorefineries, valorization 

of lignin into value-added products is receiving increasing attention(Ragauskas et al., 2014). 

Although the true structure of lignin is not fully known since its isolation involves harsh 

conditions that alter its structure in the process (Khalili et al., 2021),  it is well-accepted that it 

is a cross-linked polymer of three monomers namely p-hydroxyphenyl (H-unit), guaiacyl (G-

unit), and syringyl (S-unit) (Ruwoldt et al., 2023). The structure of the three monomers is 

depicted in Figure 4. It is a heterogeneous and highly branched aromatic polymer. The primary 

inter monomer linkages include (Chen et al., 2023; Ralph et al., 2019) (see Figure 4). 

 

 

 
Figure 4: lignin subunits and interunit linkages  (Zhang, 2022) 

 

• β–O–4 (aryl ether): the most abundant linkage constituting up to 60% of native lignin. 

It onnects the β-carbon of the alcohol group in one monolignol to the oxygen of the 

aromatic ring in another, forming a bridge-like structure. 

• β–β (resinol), β–5 (phenylcoumaran), β–1 (spirodienone) 

• 5–5 and 4–O–5 (biphenyl ether and diaryl ether) linkages .  
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The composition of lignin monomers differs from plant to plant. Softwoods, such as pine and 

spruce, are characterized by a higher G-unit content (up to 90–95%). This results in a highly 

cross-linked structure rich in carbon–carbon bonds, which limits its depolymerization  

efficiency (Feofilova and Mysyakina, 2016). Hardwoods like oak and eucalyptus typically 

contain both G and S units in nearly equal proportions, often with an S/G ratio ranging from 

0.5 to 2.0, and negligible H units. The higher proportion of S units, which possess two methoxy 

groups, leads to fewer C–C linkages and a higher abundance of β–O–4 ether linkages, 

enhancing chemical reactivity and making hardwood lignin more suitable for depolymerization 

into monomers (Cassoni et al., 2023a; Ralph et al., 2019). Additionally, certain non-woody 

plants, such as grasses, tend to include all three (H, G, and S), (Lourenço et al., 2016), often 

with additional hydroxycinnamates such as ferulates and p-coumarates(Provost et al., 2022). 

Grasses exhibit higher prevalence of S units compared to other plants. Other specialized forms 

like C-lignin, composed of caffeyl alcohol, occur in certain seed coats and exhibit a linear 

benzodioxane structure (Chen et al., 2023; Wang and Deuss, 2023).  

 

Effort is ongoing to valorize lignin to value added compounds and bio-based materials to exploit 

its valuable functional properties such as antioxidant activity, UV protection, and  

 

Table 2: Lignin sub-unit composition of different biomasses 

Biomass H (%) G (%) S (%) Reference 

Softwood (spruce/pine) <5 90-95 <5 (Provost et al., 2022) 

Hard wood (olive tree 

pruning) 

0-5 40-60 40-60 (Cassoni et al., 2023a)  

Crops (brewer’s spent 

grain) 

10 50 40 (Provost et al., 2022)  

Monocot grasses 

(wheat/maize/rice) 

5 70 25 Feofilova et al., (2016) 

Sugarcane bagasse 2 38 60 (Mujtaba et al., 2023) 

Miscanthus × giganteus 4 52 44 (Yousuf et al., 2019) 

 

 

antimicrobial behavior (Mujtaba et al., 2023). However, a set of factors are contributing to the 

underutilization of lignin. One major obstacle lies in the heterogeneous and irregular structure 

of lignin. Unlike cellulose and hemicellulose, which have more uniform and predictable 

structures, lignin exhibits significant variation in its composition and bonding patterns, which 

make it challenging to process and modify with precision ((Sethupathy et al., 2022). Lignin's 

recalcitrance to systematic depolymerization is another significant challenge. Efficiently 

breaking down lignin into its constituent monomers for further processing has proven to be a 

complex task. The intricate network of covalent bonds within lignin requires advanced and 

often energy-intensive depolymerization techniques. During lignin degradation processes, such 
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as pyrolysis or enzymatic treatments, the production of a complex mixture of aromatic 

compounds further complicates its utilization. The resulting mixture can be challenging to 

separate and refine, limiting the ability to obtain specific, high-value compounds. This 

complexity in the degradation products adds a layer of difficulty to the downstream processing 

and utilization of lignin-derived materials (Zhang et al., 2020). Another barrier to the extensive 

use of lignin is its dark color, often referred to as the ‘color problem’. The dark pigmentation 

arises from the complex aromatic structures within lignin, making it less aesthetically appealing 

and more challenging to incorporate into light-colored products. The color issue poses a hurdle 

for applications where visual appeal is critical. 

2.2. Lignin first biorefinery 

Traditional biorefineries focus on the valorization of cellulose and hemicellulose. In these 

processes lignin is often degraded due to harsh chemical or thermal treatments, such as kraft or 

acid hydrolysis processes, which result in a highly condensed, structurally modified lignin that 

is poorly suited for downstream valorization. This approach also introduces new chemical 

functionalities, leading to what is called "technical lignin" (Kropat et al., 2021). As a result, 

most of the lignin is burned onsite for energy generation. lignin-first biorefinery is an emerging 

biomass valorization approach that prioritizes the selective extraction and stabilization of lignin 

at the start of biomass fractionation processes (Luo et al., 2023).  

In the context of lignin first biorefinery, obtaining “native like lignin” is crucial for its full 

potential valorization. This preserves the structural features, in particular the β–O–4 linkage. 

These are the most amenable bonds to depolymerize lignin into high-value aromatic monomers. 

Thus, the development of methods that enable the extraction of lignin close to its native 

structure are paramount importance (Wang and Deuss, 2023). 

One of the most studied strategies is reductive catalytic fractionation (RCF), which involves 

fractionating lignocellulosic biomass using an alcohol solvent (e.g., methanol, ethanol) and a 

metal-based hydrogenation catalyst (Pd/C, Ru/C) under a reducing atmosphere. This method 

results in the preservation of high β–O–4 bonds by stabilizing reactive intermediates during 

solvolysis. The phenolic monomers obtained from this kind of lignin show low condensation 

tendency (Liao et al., 2020; Luo et al., 2023). Other authors use protective chemistry to stabilize 

reactive lignin intermediates with aldehydes or polyols. In this approach, acetals or ethers are 

formed during fractionation, thereby preventing recondensation and enabling recovery of 

native-like lignin with β–O–4 linkages intact (Cheng et al., 2024; Wang and Deuss, 2023). 

Recently, deep eutectic solvents (DESs) have gained prominence as green solvents for lignin-

first extraction. For example, (He et al., 2025) demonstrated that TMAH-based alkaline DESs 

can achieve delignification rates above 67% at 50oC while preserving up to 88% β–O–4 

linkages from coconut shell lignin. Moreover, pyridine hydrochloride–based DES systems 

showed preservation of 42.1 β–O–4 units per 100 aromatic units under mild conditions (Wang 

et al., 2025). 

 

The advantages of lignin first biorefineries is their approach to retain the integrity of not only 

lignin but also cellulose and hemicellulose. Wang et al. (2025) demonstrated that a pyridine 

hydrochloride–based DES system resulted a cellulose rich residue which achieved an enzymatic 

glucose yield of 88.2% while also preserving β–O–4 linkages. Similarly, Cheng et al. (2024) 
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reported that lignin-first fractionation of biomass with DES enabled the co-production of high-

quality fermentable sugars and lignin-based adhesives. In another study, Liao et al. (2024) 

demonstrated a sustainable biorefinery framework where lignin was selectively extracted and 

depolymerized into phenolic monomers while the residual carbohydrates were effectively 

hydrolyzed into glucose and xylose with high saccharification efficiency. These findings 

showcase the synergistic potential of lignin-first systems to generate both aromatic chemicals 

from lignin and sugar-derived products such as bioethanol, furans, and organic acids from the 

carbohydrate fraction.  

 

Several companies and startups exist that are pioneering lignin-first biorefinery technologies. 

Forexample, Fibenol (Estonia) focuses on fractionating hardwood biomass to produce high-

purity lignin, sugars, and specialty chemicals using their proprietary Sunburst™ pretreatment 

technology that uses heat, pressure and mechanical power to turn wood chips into a chocolate 

mousse-like slurry that can then be converted into biomaterials. LXP Group (Germany) uses a 

patented Lignin Extraction Process (LXP) to selectively isolate native lignin while preserving 

carbohydrate fractions for further valorization. Attis Innovations (USA) is building integrated 

biorefineries that convert the lignin into performance materials and biofuels.  

 

Despite the promising potential of lignin-first biorefineries, there exist technical and economic 

challenges that hinder their industrial advancement. One such challenge is the difficulty of 

simultaneously preserving the quality of all lignocellulosic components (Renders et al., 2017).  

When catalytic systems are employed for biomass fractionation, catalyst recovery is non-trivial. 

The stability of lignin-derived intermediates also presents a bottleneck in lignin-first circular 

biorefinery (Abu-Omar et al., 2021; Luo et al., 2020). The natural heterogeneity of lignin and 

the batch to batch variability across different feedstocks (e.g., varying S/G ratios, β–O–4 

content) also affects both the extraction and monomer yields, which makes standardized 

processing difficult. Genetic engineering of plants to produce more depolymerizable lignin 

(e.g., via higher S-content or ester-linked monolignols) shows promise although it raises issues 

with plant fitness, growth, or cell wall integrity ((Ralph et al., 2019). Techno-economic 

assessments also reveal that lignin-first biorefineries may require more complex operations, and 

additional reagents, to compete with conventional biomass processing (Liao et al., 2020). 

Addressing these challenges is crucial for realizing the full potential of lignin-first biorefineries. 

The use of deep eutectic solvents to fractionate biomass can overcome some of the 

aforementioned challenges and is reviewed in detail in the subsequent chapters.  

 

2.3. Methods of biomass fractionation 

Effective fractionation of lignocellulosic biomass is critical for converting its structural 

components (cellulose, hemicellulose, and lignin) into high-value products. Over the years,  
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Figure 5: different methods for isolating lignin from lignocellulosic biomass adopted from 

(Sun et al., 2018) 

several physical, chemical, and physicochemical pretreatment strategies have been developed 

(see Figure 5). Among the most industrialized are alkaline and acid hydrolysis methods, notably 

the kraft and sulfite processes, which solubilize lignin to recover cellulose but they severely 

alter lignin’s structure (Lobato-Peralta et al., 2021; Rodrigues et al., 2021). Organosolv 

pretreatment has emerged as a cleaner, sulfur-free alternative, using organic solvents (e.g., 

ethanol, acetone). Organosolv pretreatment yields purer lignin with partially preserved β–O–4 

linkages, although solvent recovery and flammability remain concerns (Arni, 2018). Ionic 

liquids (ILs) have also been used to fractionate biomass due to their tunability and ability to 

solubilize lignin without harsh conditions. However, their high cost and recyclability challenges 

hinder scale-up (Bertella and Luterbacher, 2020). Biological methods involving fungi or 

bacterial are good alternatives in terms of energy requirements but take longer time and are hard 

to control (Arni, 2018).  

2.3.1. Biomass fractionation with deep eutectic solvents 

2.3.1.1. Deep eutectic solvents  

Deep eutectic solvents (DES) are solvents possessing a lower melting point than their pure 

components. They are eutectic mixtures of hydrogen bond donors (HBDs) and hydrogen bond 

acceptors (HBAs)(Chen et al., 2020b). They are an emerging class of liquids that gained 

increased attention in the past two decades after Abbott et al. noticed a decrease in the melting  
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Figure 6:I) binary phase diagram for eutectic mixtures II) Phase change for Choline 

chloride/urea as a function of mole fraction 

 

 

Figure 7: Combinations of hydrogen bond acceptors (HBAs) and hydrogen bond donors 

(HBDs) (Chen et al., 2020b) 

I 

II 
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point of certain mixtures of hydrogen bond donors (HBDs) and hydrogen bond acceptors 

(HBAs) (Hansen et al., 2021). Notice in Figure 6II how the phase of a choline chloride and urea 

mixture changes as a function of mole fraction of the components. Figure 7 also shows different 

combinations of HBAs and HBDs for DES preparation 

The preparation of DESs is usually easy. It involves heating and stirring the constituents 

together under an inert atmosphere to obtain a homogeneous and clear liquid. During Des 

preparation, no additional reactions are envisioned to occur. Their preparation is interesting in 

that no additional solvent is required and no subsequent purification step is required making 

them a viable solvent for biomass fractionation (Hansen et al., 2021). This simplicity means 

low production costs. DESs are estimated to cost as little as 20% of typical ionic liquids 

(Lobato-Rodríguez et al., 2023). In addition to their easy synthesis, DESs exhibit favorable 

features like low vapor pressure, biodegradability, and low toxicity (Alonso et al., 2016). 

Furthermore, the physico-chemical properties of DESs can be tailored by adjusting HBA/HBD 

combinations and ratios to optimize delignification efficiency and structural preservation 

(Provost et al., 2022). 

Based on the chemical nature of their HBDs and HBAs, DESs are classified into five types. 

Type I DESs consist of a quaternary ammonium salt (typically choline chloride) and a metal 

chloride such as ZnCl₂ and AlCl₃. The resulting system is capable of coordinating with various 

anions through ionic interactions. Type II DESs are similar but use hydrated metal chlorides, 

which leads to more complex hydrogen bonding networks. Type III DESs involve a quaternary 

ammonium salt as the HBA and a neutral organic molecule such as a polyol (glycerol, ethylene 

glycol etc), carboxylic acid, or amide as the HBD. Type IV DESs combine a metal chloride 

hydrate as the HBA with an organic HBD. They create systems with both ionic and molecular 

characteristics and are often used in metal processing. Type V DESs are the newest class and 

are composed entirely of non-ionic molecular components (e.g., thymol with lactic acid or 

menthol with fatty acids). Type III DESs are the most used especially in biomass fractionation 

due to their ease of synthesis and low toxicity (Hansen et al., 2021).   

Factors influencing Lignin extraction during DES-Based fractionation  

Type and nature of DES  

The acidity, basicity, or neutrality of deep eutectic solvents (DESs) plays a decisive role in 

determining lignin extraction efficiency, yield, purity, and structural integrity. Acidic DESs 

,which  typically consist of choline chloride as HBA and a variety of organic acids (e.g., lactic 

acid, oxalic acid, malonic acid) as HBD, effectively cleave ether bonds and ester linkages in 

lignin and lignin–carbohydrate complexes through proton-catalyzed mechanisms (Chen et al., 

2020b). Several researchers have studied the delignification ability of acidic DESs. For 

example, ChCl:oxalic acid (1:1) achieved 98.5% delignification from corncob at 90°C for 24 

h, while ChCl:lactic acid (1:15) reached 93.1% under the same conditions (Chen et al., 2020b). 

Xiao et al., 2024) further noted that acidic DESs enable the isolation of low molecular weight 

and structurally uniform lignin. It is important to optimize acidic DESs as too much acidity may 

lead to condensation of lignin and distraction of β-O-4 linkages. For Example, (Z. Chen et al., 

2020) extracted lignin from Switchgras with ChCL/Ethylene glycol (EG) (1:2;n/n) at 110oC, 
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20w% H2O and different concentrations of H2SO4 ( 0.5w% and 1w%). They found that 40.3% 

and 24.4% β-O-4 bond were retained respectively when 0.5w% and 1w% of H2SO4 was used.  

Basic DESs on the other hand dissolve lignin via deprotonation of phenolic hydroxyls. These 

solvents are less aggressive than acidic ones. For example, a DES composed of ChCl and 

monoethanolamine (MEA) (1:6) removed 81% lignin from wheat straw at 90°C in 12h (Jose et 

al., 2023). Basic DESs extracted lignin tend to have preserved functional groups and lower 

condensation levels, which are advantageous for downstream valorization like 

depolymerization. However, basic DESs generally require higher temperatures or longer 

durations to reach yields comparable to acidic systems.  

Neutral DESs are also studied for lignin extraction. They are often based on polyols like 

glycerol or ethylene glycol and exhibit moderate delignification ability. For example, 

ChCl:glycerol (1:2) removed 71.3% lignin from corncob at 90°C in 24h (Jose et al., 2023). 

Compared to acidic DES, neutral DESs are less efficient but they preserve the structural 

integrity of lignin and exhibit good biocompatibility. Among neutral DESs, DESs having less 

hydroxyl groups in the HBD (ethylene glycol) outperform those having many hydroxyl groups 

(glycerol or xylitol) due to reduced hydrogen bonding within the solvent, which improves lignin 

accessibility (Hong et al., 2020b). 

Another parameter affecting delignification efficiency and lignin structure is the molar ratio of 

DES components. In a study by Chen et al. (2020) using choline chloride (ChCl) and ethylene 

glycol (EG), the authors demonstrated that increasing the ChCl:EG molar ratio from 1:2 to 3:2 

increased the abundance of β-O-4 linkages in the extracted lignin from 24.4% to 31.0% under 

same extraction conditions (110 °C, 1.0 wt% H₂SO₄). They attributed this preservation of bonds 

to the higher concentration of chloride ions (Cl⁻), which stabilize the benzylic carbocation 

intermediate formed during β-O-4 bond cleavage, thus preventing condensation reactions (Chen 

et al., 2020a). 

 Extraction temperature 

Temperature is a critical factor during lignin extraction. It affects yield and structural 

preservation. Generally, increasing temperature improves lignin yield up to an optimal point. 

Zhang et al. (2022)reported that increasing extraction temperature from 100 °C to 150 °C raised 

lignin recovery from 41.3% to 95.9% when extracting lignin from corncob using ChCl:lactic 

acid. Zhang et al. (2023) observed that lignin yield from pine using an AlCl₃-based DES peaked 

at 91.1 ± 2.6% at 120 °C, but declined sharply to 41.9 ± 2.7% at 150 °C due to increased 

condensation that reduced lignin solubility. The reader is advised to look at Table-3 for more 

information on the effect of extraction conditions including temperature. 

Temperature also influences lignin purity by facilitating carbohydrate removal. Chen et al. 

(2020) showed that lignin purity improved from 78.7% to 91.4% as temperature increased from 

110 °C to 130 °C in ChCl:EG systems, but slightly declined at 150 °C due to increased 

formation of side products such as pseudo lignin and EG adducts. High temperatures also tends 

to result in lignin with uniform fractions. Lignin treated at ≥110 °C with ternary DESs showed 

reduced molecular weight distribution, which can be beneficial for nanoparticle self-assembly 

(Liu et al., 2019). 
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It is worth mentioning that although high temperatures result in increased yield, they promote 

cleavage of β-O-4 linkages. Excessive temperature increases recalcitrant C–C bonds thereby 

reducing monomer yield during depolymerization. Hong et al. (2020) reported a 69% reduction 

in β-O-4 content when temperature increased from 80 °C to 130 °C during ChCl:LA 

pretreatment. Rodrigues et al. (2024) recommended limiting temperatures to below 120 °C to 

preserve the aryl-ether structure and maintain lignin reactivity for downstream applications. 

Extraction time  

Time is another factor that influences extraction yield, purity, and lignin structure in DES 

mediated biomass fractionation. Prolonged time allows better dissolution of lignin in the solvent 

which results in enhanced lignin yield. More and more lignin-carbohydrate linkages and 

solubilization of lignin fragments happen with time. However, time doesn’t indefinitely 

improve yield. For example, Rodrigues et al., (2024) observed that optimal lignin extraction 

(yield = 90.08 ± 1.42%) occurred at 123 °C for 6 h ours. They argued that further increasing 

time did not significantly increase the yield. 

The role of extraction time during lignin extraction is less pronounced than that of temperature.  

Zhang et al., (2022) investigated the extraction of lignin from corncob residue using ChCl/LA 

(1:10; molar) with varying temperature (100°C, 120°C, 150°C) and time (6h, 12h, and 18h). 

Their yield varied between 41.3% to 85.6% and they argued that the variation was mainly driven 

by temperature, not time. Their statistical analysis revealed that temperature had a significant 

positive correlation (P < 0.05) with yield, whereas time had no statistically significant impact 

under fixed temperature.The purity also peaked at 97.8% under these at 150°C and 6h, while 

varying time from 6 to 18 hours showed negligible impact.  

Extraction time can affect the molecular integrity of DES-extracted lignin. (Lou and Zhang, 

2022) studied the effect of a two-stage pretreatment (presoaking in DES at room temperature 

followed by extraction) on wheat straw.  They found that increasing presoaking time reduced 

the number-average and weight-average molecular weights (Mn and Mw), indicating 

progressive lignin depolymerization. Wheat straw subjected to 3h and 24 h DES presoaking 

exhibited Mw and values of 800–1200 g/mol and 1700–2000 g/mol respectively.  

Although extended times may enhance extraction, longer durations can lead to over-

degradation, condensation, or formation of undesired pseudolignin. Therefore, for optimal 

valorization, particularly in selective bond cleavage pathways, moderate extraction times (3–6 

h) appear effective. 

 

Table 3: Extraction conditions, yield and purity of different DESs 

DES (molar 

ratio) 

Biomass Tem

p 

(°C) 

Tim

e (h) 

Lignin 

Yield 

(%) 

Purit

y (%) 

Reference 

ChCl:LA (1:2) Corncob 90 24 64.7 - (Zhang et al., 2016) 

ChCl:LA (1:10) Corncob 150 18.0 85.6 97.8 (Zhang et al., 2022) 

ChCl:LA (1:15) Corncob 90 24 93.1 - (Zhang et al., 2016) 
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K2CO3:Gly 

(1:5) 

Wheat straw 100 16.0 7.8 60.1 (Yue et al., 2022) 

ChCl:LA (1:5) Eucalyptus 110 6.0 80.0 - (Shen et al., 2019) 

ChCl:OA (1:1) Corncob 90 24.0 98.5 - (Zhang et al., 2016) 

ChCl:Gly (1:2) Corncob 150 15.0 59.0 - (Procentese et al., 2015) 

ChCl:LA (1:10) Willow 120 12.0 - High  (Lyu et al., 2018) 

ChCl:LA (1:2) Poplar 145 6.0 - 95 (Alvarez-Vasco et al., 

2016) 

ChCl:Gly (1:2) Switchgrass 120 1.0 76.6 - (Chen et al., 2020b) 

ChCl:EG (1:2) Switchgrass 130 0.5 87.0 - (Chen et al., 2020b) 

GH:EG:PTSA 

(1:1.94:0.06) 

Switchgrass 120 0.1 82.0 - (Chen et al., 2020b) 

ChCl :LA (1 :2) Cornstover 130 2 80.3  (Liang et al., 2021) 

 

2.3.2. Tailoring lignin properties through solvatochromic tuning of deep eutectic 

solvents 

Tuning the composition of DES influences lignin structure post-extraction as discussed in 

section (insert section). The structure of extracted lignin influences the efficiency of 

downstream valorization pathways. By carefully selecting DES components, it is possible to 

alter the molecular weight, functional group content, β-O-4 linkage content, and reactivity of 

lignin. Tailoring the properties of DES extracted lignin can be approached by different 

strategies. Traditionally, the design of effective DESs has relied on empirical screening, based 

on trial-and-error combinations HBAs and HBDs. This trial-and-error approach is time-

consuming and lacks predictive power. Recently, more predictive strategies like quantum 

chemical calculations, molecular dynamics simulations, and solvatochromic analysis has 

emerged (Xiao et al., 2024).  

Kamlet-Taft parameters are discussed in detail in this section. They are based on solvatochromic 

and characterizes DESs using three parameters: 

• α (hydrogen bond donating ability) 

• β (hydrogen bond accepting ability) 

• π* (dipolarity/polarizability) 

These parameters were originally introduced by Kamlet and Taft in the 1970s to quantify 

solvent effects on chemical processes through linear solvation energy relationships (LSERs) 

(Dwamena and Raynie, 2020). The α parameter reflects a solvent’s capacity to donate hydrogen 

bonds to solutes, which is critical in proton transfer and bond cleavage processes. The β 

parameter quantifies the solvent’s ability to accept hydrogen bonds. π describes the solvent’s 

polarity and polarizability meaning the ability to capture non-specific dipole–dipole and 

dispersion interactions that influence solute solvation (Zhang et al., 2023a). 
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Figure 8: Kamlet-Taft parameters of different DESs and their relationship with lignin 

solubility (a-c) and xylan solubility (d-f) adopted from (Zhang et al., 2023a) 

These parameters are tunable in DES systems by changing the composition of HBA/HBD. 

Studies have shown that increasing the acidity (α) of a DES typically enhances lignin 

dissolution. Liang et al. (2021) reported a linear relationship between DES acidity (α) and 

delignification performance (R² = 0.75. Zhang et al. (2023) extended this observation across 56 

DES systems, showing that lignin solubility increased with both α and π*, but not with β. More 

specifically, lignin dissolution correlated better with the combined net acidity term (α – β), 

suggesting that high HBD strength coupled with low basicity favors lignin dissolution. 

Conversely, the β parameter plays a dominant role in hemicellulose and cellulose dissolution. 

Zhang et al. (2023) observed a positive linear relationship between β values and xylan solubility 

(Figure 8), This is attributed to the ability of basic DESs to accept hydrogen bonds from 

hydroxyl-rich  

polysaccharides, which facilitates disruption of their intermolecular networks. For cellulose, a 

combination of high β and an optimal net basicity (β – α between 0.35 and 0.90) is critical for 

dissolution. The π* parameter also contributes to lignin solubility by stabilizing polar 

intermediates and enhancing the interaction with aromatic rings. Its effect, however, is weaker 

and less predictable than α (Zhang et al., 2023a). 

The Kamlet-Taft parameters also give insight into lignin’s structure, functional group profile, 

and molecular weight. A tradeoff between lignin yield and preserving its structure is usually 

observed. High solvent acidity (α > 1.2), as found in DESs like ChCl:formic acid or ChCl:gallic 

acid, facilitates efficient lignin solubilization but also cleave β-O-4 linkages via acidolysis 

(Zhang et al., 2023a). Liang et al., (2021)also noted a decline in β-O-4 content under highly 

acidic conditions. Moderating the acidity with cosolvents like ethanol has been found to 

stabilize β-O-4 linkages. A study involving ChCl:citric acid DES with and without ethanol 
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demonstrated that up to 40.3% β-O-4 linkage were retained in the presence of ethanol which 

was five times higher than the DES alone (Li et al., 2024). Besides, Lignin reactivity depends 

on accessible functional groups, notably phenolic and carboxylic moieties. The net acidity (α–

β) was found to correlate positively with phenolic OH enrichment in lignin extracted from 

organosolv and enzymatic hydrolysis (Liu et al., 2019). 

2.4. Lignin depolymerization 

The use of extracted lignin as is for high value applications is limited. Unlocking its full 

potential requires downstream valorization. That is where depolymerization comes into play to 

transform lignin into lower molecular weight aromatic compounds that can serve as precursors 

for the production of fuels, resins, or fine chemicals. Due to lignin's structural irregularity, a 

selective and controllable depolymerization process remains a challenge.  

Cleavage of β-O-4 bonds is the primary target of many depolymerization strategies, given its 

abundance and relative lability compared to C–C bonds(Wang et al., 2013).  

The bond cleavage involves mechanisms like acidolysis, hydrolysis, hydrogenolysis, and 

oxidation. In acid or base catalyzed processes, hydrolytic cleavage is typically initiated via 

protonation (acidic) or nucleophilic attack (basic) at the α-position thereby cleaving the ether 

bond and subsequent formation of phenolic monomers. In contrast, oxidative pathways target 

electron rich aromatic centers or side chains to generate quinones and carboxylated aromatic 

compounds. These mechanisms can proceed via metal-oxo species, peroxides, or oxygen 

radicals and are often highly selective depending on the catalyst and reaction conditions (Roy 

et al., 2022). In contrast, reductive depolymerization mechanisms such as hydrogenolysis use 

transition metal catalysts (Ru/C, Pd/C) to break C–O and even C–C bonds under hydrogen 

atmosphere (Wang et al., 2013). 

2.4.1. Thermal depolymerization 

Thermal depolymerization also known as pyrolysis involves treating lignin between 300 and 

600 °C under inert conditions. Pyrolysis breaks down lignin through homolytic and heterolytic 

cleavage of key linkages  (β-O-4, β-5, 5–5′).  This results in the formation of phenolic 

monomers such as guaiacol, syringol, and catechol derivatives. As an example, pyrolysis of 

kraft lignin at 500 °C yielded up to 35% bio-oil containing phenolics. Char and light gases like 

CO, CO₂, CH₄, and H₂ were aslo produced (Chio et al., 2019). Pyrolysis suffers from low 

selectivity due to extensive secondary reactions such as recondensation and repolymerizatio. 

The yield and quality of products are sensitive to process parameters. Fast pyrolysis is 

characterized by rapid heating and short residence times, tends to favor bio-oil production, 

whereas slow pyrolysis results in more solid residue. For example, studies report that fast 

pyrolysis of organosolv lignin at 500 °C can achieve bio-oil yields as high as 45% by weight 

compared to less than 30% for slow pyrolysis under the same temperature (Wang et al., 2013). 

2.4.2. Chemical depolymerization 

This method involves the use of acid or base to cleave ether linkages in lignin. In acid-catalyzed 

systems, the acid promotes cleavage of ether bonds via protonation of the oxygen atom, 

followed by carbocation formation and bond scission. This method works effectively at 

moderate temperatures (120–250 °C). Base-catalyzed depolymerization (BCD) happens 
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through nucleophilic attack on lignin's ether bonds at elevated temperatures (200–300 °C)(Chio 

et al., 2019).  

2.4.3. Reductive and oxidative depolymerization 

Reductive depolymerization of lignin uses hydrogen in the presence of metal catalysts (Pd, Ni, 

Ru, Cu). In this method, reactive intermediates formed during bond cleavage are stabilized by 

hydrogen. This strategy minimizes undesired condensation reactions thereby maximizing 

monomer yields. In contrast, oxidative depolymerization uses oxygen or peroxides, often in the 

presence of metal catalysts (Cu, Mn, Pd). This approach yields highly functionalized aromatic 

aldehydes or acids. Vanillin and syringaldehyde are among the most frequently reported 

products (Bourbiaux et al., 2021).  

 

 

Figure 9: Depolymerization of DES-extracted lignin by hydogenolysis ; depolymerization 

conditions (200 mg DES fractionated lignin, 200 mg Ru/C (5 wt% Ru loading), 20mL 

methanol, 18 h); Abbreviations : DPL= Derivatization protection Lignin (extracted by 

Derivatization protection DES =ChCl/EG/OA), CSL = cleavage stabilization Lignin 

(extracted by cleavage stabilization DES= ChCL/OA); the numbers in DPL10 and CSL80 

refers to %w of OA and EG in the ternary DES respectively. 

Figure 9 shows a study by (Liu et al., 2021) where they depolymerized DES extracted lignin by 

hydrogenolysis. The hydrogenolysis was carried out using Ru/C at 40 bar H₂ and 200–220 °C. 

The oxalic acid containing ternary DES (DPDES10 = ChCL/EG/oxalic acid; 1:2:10%w) 

extracted lignin (DPL10) showed the highest monomer yields of 22% at 200 °C and 24% at 

220 °C. The enhanced yields for this particular DES was attributed to better preservation of β-

O-4 structures due to EG protection during fractionation. 
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2.4.4. Biological depolymerization 

Biological depolymerization employs microorganisms and enzymes that degrade lignin. The 

key enzymes involved include lignin peroxidase (LiP), manganese peroxidase (MnP), and 

laccases. Biological depolymerization cleaves ether bonds in lignin under ambient conditions. 

In addition to being environmentally benign, they offer high specificity. Their main limitations 

are slow reaction rates, and sensitivity of enzymes to lignin heterogeneity. Enzyme inactivation, 

substrate accessibility, and the tendency of microorganisms to prefer simpler carbon sources 

also hinder efficiency (Xu et al., 2018).  

2.4.5. Electrochemical depolymerization 

Electrochemical depolymerization (ECD) of lignin is a recent and attractive approach for lignin 

valorization. Unlike thermal or chemical methods, it requires mild reaction conditions and no 

reagents. Renewable energy sources such as wind and solar can be used during electrochemical 

depolymerization making the process more sustainable(Garedew et al., 2021).  

The process can proceed through either oxidative or reductive pathways. In oxidative 

depolymerization, lignin is degraded by electron transfer from its phenolic or benzylic groups 

to the anode, facilitating cleavage of C–O and C–C bonds, However, oxidative pathways are 

prone to overoxidation, producing low-value carboxylic acids and CO₂ if the reaction isn't 

properly controlled. Stiefel et al., (2015) addressed the problem of overoxidation by designing 

an electrochemical membrane that integrates nanofiltration as depicted in Figure 10. In their 

setup, depolymerized low-molecular-weight lignin products are continuously removed from the 

oxidative environment via a ceramic membrane. Reductive electrochemical depolymerization 

occurs in the cathode to reduce oxygenated functional groups. The cathodic reaction enhances 

the yield of reduced aromatics (Alves da Cruz et al., 2022).  

 

Figure 10: Schematic of electrochemical membrane (AEM: Anion Exchange Membrane, 

NFM: Nanofiltration Membrane)(Stiefel et al., 2015) 

It is important to mention that the choice of electrode materials is critical during electrochemical 

depolymerization of lignin. Noble metals like Pt and Ru can be highly active but are costly and 

prone to competitive hydrogen evolution. In contrast, cheaper metals like Cu and Ni show 
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moderate activity but better selectivity (Ayub and Raheel, 2022). The solvent also affects the 

degree of depolymerization by influencing the solubility and reactivity of lignin in the 

electrochemical system. Aqueous alkaline media have been widely used. Recently newer 

solvents are being employed. Alves da Cruz et al., (2022) employed Levulinic acid, which itself 

is formed during the hydrothermal processing of lignocellulosic biomass, to dissolve lignin 

during electrochemical depolymerization giving insights into greener approaches. Their system 

achieved good solubility and 5-15 wt% yields of monomers like 4-propylguaiacol and 4-

propylsyringol from hardwood lignin using a simple Cu cathode. γ-Valerolactone, and ionic 

liquids have also been studied as solvents during electrochemical depolymerization (Garedew 

et al., 2021).  

In spite of its greener nature, electrochemical depolymerization faces challenges. One such 

challenge is low current efficiency. Additionally, electrode fouling by lignin or its 

depolymerized fragments can decrease activity over time. In oxidative setups, there's a high 

risk of overoxidation as discussed previously. Moreover, the structural complexity and 

heterogeneity of technical lignin makes it difficult to achieve uniform reactivity or predict 

product profiles but this is mostly common for all methods (Ayub and Raheel, 2022).  
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3 Materials and Methods 

This project was performed at the laboratory of Hubert Curien Multidisciplinary Institute 

(IPHC-UMR 7178, CNRS) located in Strasbourg, France. The IPHC is a renowned research 

laboratory located in Strasbourg, under the joint supervision of the Centre national de la 

recherche scientifique (CNRS) and the University of Strasbourg. This institute is distinguished 

by its multidisciplinary nture, bringing together diverse expertise in the fields of physics, 

chemistry, and biology to address major societal challenges. This project was done in a team 

working in molecular recognition and separation processes (RePSeM) supervised by Professor 

B. Ernst. 

3.1. Materials 

Brewery spent grain (BSG) is the biomass studied in this project, and it was acquired by the 

RePSEM team from nearby sources. 

3.2. Methods 

3.2.1. Biomass pretreatment 

3.2.1.1. Soxhlet extraction 

The raw brewery spent grain was first crushed to sizes below 0.5mm using a pilot-scale disc 

mill. Prior to its use in lignin extraction, the brewery spent grain was pretreated to remove 

impurities. These impurities may interfere with the extraction process affecting yield and purity. 

Soxhlet extractor (Figure 11) was employed to remove polyphenols, free sugars, and proteins. 

For this, the biomass was first dried at 60oC overnight. Approximately 5 g of dried biomass was 

weighed and placed into a cellulose extraction cartridge, which was loaded into the Soxhlet 

extractor. The extractables were removed in a sequential manner in which the biomass was 

treated with hexane, ethanol, and distilled water respectively at their respective boiling 

temperatures. The extraction with hexane was to target fatty acids using 200 mL of hexane in a 

250 mL round-bottom flask. The system was assembled as in Figure 11, and extraction 

conducted at 69°C under reflux for 6 hours. After completion, the hexane extract was removed 

and replaced with another 250 mL flask filled with 200 mL of ethanol to remove polyphenols. 

After another 6 hours at 79°C, the flask containing ethanol was replaced with another similar 

flask filled with 200 mL of osmosis water to extract proteins and free sugars at 100°C under 

reflux for 6 hours. The flask and the cellulose cartridge were then removed from the Soxhlet 

apparatus. The treated biomass was carefully collected with a spatula and transferred to an 

aluminum dish. The biomass was then dried at 60°C for 12–24 hours until a constant mass was 

obtained, after which the final weight was recorded. The mass of extractives per oven dry 

weight (ODW) was determined (equation 1- 3).  

 

%𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 =  
(𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑝𝑙𝑢𝑠 𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒 −  𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒) ∗ 100  

(𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑝𝑙𝑢 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒)
             (1) 
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𝑂𝐷𝑊 =  
(𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑝𝑙𝑢𝑠 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒) ∗ % 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠  

100
                 (2) 

 

%𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑠 =  
(𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑎𝑠𝑘 𝑝𝑙𝑢𝑠 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑠 −  𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑎𝑠𝑘) ∗ 100  

𝑂𝐷𝑊
                            (3) 

 

 

 

Figure 11: Schematic of a soxhlet extractor 

To know the amount of extractables extracted in each stage of the Soxhlet extraction, the 

solvents were removed in rotavapor under vacuum. The flasks were further dried in an oven at 

60oC and then weighed and equations (1-3) were used on each stage of extraction and the results 

are given in Table 3.  

 

Table 3: % of extractables (g/g) removed in each stage of Soxhlet extraction 

Soxhlet Extraction step Hexane Ethanol Distilled water 

% Extractables removed 5.1 ± 0.8 7.7 ± 0.3 16.86 ± 2.3 

Condenser 

Extraction 

chamber 

Siphon 

Vapor riser 

Cartridge with 

sample 

Solvent 

Heating 

plate 
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3.2.1.2. Hydrothermal treatment 

Brewery spent grain has high protein content. According to (Provost et al., 2022), it contains 

24.9 ± 1.60 g/100g dry weight of proteins. Our CHN elemental analysis shows that it contains 

18.7% of proteins (see section 3.2.8). Soxhlet extraction alone may not be enough to remove 

all the proteins. The Soxhlet pretreated biomass was further treated hydrothermally. This was 

done by mixing 4% (mass/volume) of the biomass with distilled water and keep it at 60oC under 

stirring for 24 hours.  

3.2.2. DES preparation 

Fresh deep eutectic solvents were synthesized prior to each extraction (the latest preparation 

was done the evening before the extraction day). Three types of DES were studied in this work. 

A DES composed of choline chloride and lactic acid (ChCL/LA) had been prepared in 1:1 and 

1:10 molar ratios. The third DES studied was a ternary DES composed of ChCl and ethylene 

glycol (EG) in 1:2 molar ratio and containing 10% w/w of oxalic acid (OA). The quantities of 

each component were calculated using equation (4). The DES was prepared by mixing the 

components and heating the mixtures between 60- 70oC under magnetic stirring at 500 rpm 

until a clear liquid was obtained. The prepared DES was stored in a desiccator until it was used.   

For a DES composed of i and j components with molar ratio n:m, the mass of each component 

is calculated as follows: 

𝑚𝑎𝑠𝑠  𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑖 =  
𝑀𝑊𝑖 ∗  𝑛

(𝑀𝑊𝑖 ∗  𝑛 +  𝑀𝑊𝑗 ∗  𝑚) ∗ 𝑝𝑢𝑟𝑖𝑡𝑦
∗ 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐷𝐸𝑆                 (4) 

 

Table 4: Quantities of pure components required to prepare 100 g of DES 

DES molar ratio Components (g) 

 ChCl (HBA, Tm* = 

302 oC) 

LA (HBD, Tm = 

17 oC) 

EG (HBD, Tm = 

-12.9 oC) 

OA (HBD, 

Tm = 189 oC) 

ChCl/LA (1:1) 60.79 39.21 - - 

ChCl/LA (1:10) 13.42 86.58 - - 

ChCl/EG/OA 

(1:2:10%w) 

48.16 - 42.80 9.04 

*  Tm is the melting temperature of compound, HBA = hydrogen bond acceptor, HBD = 

hydrogen bond donor,  

3.2.3. Extraction 

Before starting extraction, glass microfiber filters (2.7 µm, 90 mm) were placed in aluminum 

plates and dried in an oven at 60 °C for at least 4 hours and subsequently transferred to a 

desiccator for 30 minutes before weighing. These pre-weighed filters were used for filtering the 

extract. Moreover, a washing solution consisting of ethanol and deionized water (1:9, v/v) was 

prepared to be used later to remove residual hemicelluloses and DES from lignin.  
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Figure 12a schematically presents the extraction with ChCl/LA DESs. The extraction was 

performed by mixing the brewery spent grain and DES in a 1:20 (m/m) ratio. The mixture was 

heated in an oil bath (placed in heating plate) which was maintained at the target extraction 

temperature (100 or 140oC) for 3 hours. A magnetic stirrer ensured continuous agitation at 500 

rpm.  Once the extraction was complete, the mixture was cooled to room temperature under a 

fume hood. 60 mL of ethanol was added for 2 g of biomass to quench the reaction and 

magnetically stirred for 30 minutes at room temperature. The mixture was filtered using a 

Büchner funnel with the pre-pared filters. The cellulose-rich residue was dried overnight at 

60 °C and stored in a desiccator for cellulose recovery determination (Equation 6).  

 

 

 

Figure 12: Schematic of lignin extraction from brewery spent grain with (a) ChCL/LA DES 

and (b) ChCl/EG/OA DES 

 

The filtrate, which contains lignin, DES, and hemicellulose, was collected and ninefold volume 

of distilled water was added to precipitate lignin at 4 °C overnight. The lignin was recovered 

by centrifugation at 3000g for 10 minutes. The supernatant was collected and sent to another 

part of the team for DES recovery. The lignin was further washed to improve its purity. The 

a 

b 
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washing was done with the previously prepared washing solution (240 ml washing solution for 

2 g of biomass) by stirring at 700 rpm for 1 hour. The mixture was centrifuged at 3000g for 10 

minutes, and the supernatant was discarded. This washing and centrifugation step was repeated 

twice to ensure efficient removal of residual DES and hemicellulose. 

The final lignin was combined in 20 mL of distilled water in a pre-weighed tube and dried in 

an oven at 60oC. The final lignin mass was recorded to determine the solid recovery of the lignin 

rich fraction (Equation 5). 

For the ternary DES system (ChCl/EG/OA), lignin was recovered following a solvent extraction 

procedure adapted from (Liu et al., 2021) as depicted in Figure 12b. According to the authors, 

the presence of water soluble EG in the ternary DES resulted in a low yield when the 

precipitation was performed similar to that of ChCl/LA systems. Therefore, after filtering the 

extract to separate the lignin rich fraction from cellulose rich residue in the same was as for the 

ChCl/LA DES, the ethanol was removed using a rotary evaporator. To extract lignin, 100 mL 

of tetrahydrofuran (THF) and 50 mL of distilled water were added, and the mixture was 

transferred into a separatory funnel. The THF phase (brown-colored, containing lignin) was 

separated and collected. This extraction was repeated two times with fresh THF. The collected 

THF phases were combined and concentrated in a rotary evaporator at 40 °C under vacuum. 

Saturated sodium chloride (brine) was used to precipitate the lignin further by mixing the 

concentrated THF phase and brine in a separatory funnel. After phase separation, the aqueous 

(brine) layer was discarded and the THF layer retained. This washing step was repeated two 

times to improve purity. The final lignin containing phase was dried and weighed. 

 

𝑆𝑜𝑙𝑖𝑑 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
𝑊𝑒𝑖𝑔ℎ𝑡𝑙𝑖𝑔𝑛𝑖𝑛 𝑟𝑖𝑐ℎ 𝑠𝑜𝑙𝑖𝑑

𝑊𝑒𝑖𝑔ℎ𝑡𝑏𝑖𝑜𝑚𝑎𝑠𝑠
                                                   (5) 

 

𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑟𝑖𝑐ℎ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =   
𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑟𝑖𝑐ℎ 𝑠𝑜𝑙𝑖𝑑

𝑊𝑒𝑖𝑔ℎ𝑡𝑏𝑖𝑜𝑚𝑎𝑠𝑠
               (6) 

 

Table 5: The studied Extraction conditions 

Code DES (molar 

ratio) 

Molar ratio Extraction T 

(OC) 

Extraction 

time (h) 

Lignin 

code 

Cellulose 

rich 

residue 

code 

AG3 ChCl/LA  1:10 100 3 AG3-L AG3-C 

AG4 ChCl/LA 1:10 140 3 AG4-L AG4-C 

AG5 ChCl/LA 1:1 100 3 AG5-L AG5-C 

AG6 ChCl/LA 1:1 140 3 AG6-L AG6-C 

AG7 ChCl/EG/OA 1:2:10w% 100 24 AG7-L AG7-C 

 

3.2.4. Determination of DES Kamlet-Taft parameters 

Kamlet–Taft parameters were determined using three solvatochromic dyes: Nile Red (NR; MW 

= 318.37 g/mol), 4-nitroaniline (NH2; MW = 138.13 g/mol), and N,N-diethyl-4-nitroaniline 
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(NEt2; MW = 194.23 g/mol). 1 mM stock solution was first prepared by dissolving each dye in 

methanol. 50 µL of the dye solution was transferred into a centrifugal tube, and the methanol 

was evaporated using a rotary evaporator under vacuum at 40 °C for 30 minutes. After ethanol 

removal, 2 mL of the deep eutectic solvent (DES) was added to the tube to dissolve the residual 

dye and the mixture was homogenized by stirring at 60 °C for 1 hour. Prior to absorbance 

measurements, the accuracy of UV-Vis spectrophotometer was validated. UV absorbance 

measurements were recorded between 200 - 800 nm at 25 ± 0.1 °C. The maximum absorption 

wavelength (λmax) of each dye in the DES was identified and used to calculate the Kamlet–

Taft parameters according to empirical equations (7-10) reported by (Zhang et al., 2023b) from 

which the protocol was adopted. 

 

𝑣𝑑𝑦𝑒 =  
104

𝜆𝑚𝑎𝑥,𝑑𝑦𝑒
                                                                               7 

 

𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝜋∗) =  0.314(27.52 −  𝑣𝑁𝐸𝑡2                             8 

 

𝑎𝑐𝑖𝑑𝑖𝑡𝑦 (𝛼) =  
19.9657 − 1.0241𝜋∗ − 𝑣𝑁𝑅

1.6078
                              9 

 

𝑏𝑎𝑠𝑖𝑐𝑡𝑦 (𝛽) =  
1.035𝑣𝑁𝐸𝑡2 − 2.64 − 𝑣𝑁𝐻2

2.8
                                  10 

 

3.2.5. FTIR spectroscopy 

FTIR spectra were obtained following a direct sampling approach in which a small amount of 

the sample was directly analyzed using attenuated total reflectance (ATR) with a diamond 

crystal on a Nicolet 6700 instrument. The parameters of acquisition were: 4 cm⁻¹ resolution, 16 

scans per sample, 4000 to 650 cm⁻¹ spectral range. The sample spectrum was collected using 

Omnic 5.2 software and the data was analyzed in Excel. 

3.2.6. NMR spectroscopy 

A Brucker AVANCE III 500 MHz NMR equipped was used to acquire 2D HSQC spectra. 

Around 70 mg of lignin samples were mixed with 0.6 mL deuterated dimethyl sulfoxide 

(DMSO-d6). The following parameters were set: 128 transients, 16 dummy scans, a relaxation 

time of 2.5 s, 1024 data points in the F2 dimension (1 H) and 256 data points in the F1 dimension 

(13C). A 1 JC-H coupling constant of 145 Hz was used. The 2D data set was processed with 

MestRenova. Data matrices were filled from zero to 1024 points in both dimensions, baseline 

and phase corrections were applied in both dimensions. The central solvent (DMSO-d6) was 

used as the internal chemical shift reference point (δC/ δH = 40.1/2.51). The following equations 

(Eq. 11-15) were used to quantify the percentage of sub-units and the main bonds composing 

the lignin structure from brewery spent grain. 
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Total Aromatics = (((S2/6+S’2/6)/2) + Scondensed) + ((G2+G5+G6-H2/6)/3) + (H2/6 

/2) 

(11) 

Ratio G = (((G2+G5+G6-H2/6)/3) / Total Aromatics) x 100 (12) 

Ratio S = ((((S2/6+S’2/6)/2) + Scondensed) / Total Aromatics) x 100 (13) 

Ratio H = ((H2/6/2) / Total Aromatics) x 100 (14) 

Ix = (Ix / (Iβ-O-4+Iβ-β+Iβ-5)) x 100 (15) 

 

Where Iβ-O-4, Iβ-β and Iβ-5 correspond to the signals of β-O-4, β-β and β-5 bonds respectively 

and Ix corresponds to the studied signal.  

 

3.2.7. Klason lignin 

Lignin content was determined following the Klason method. The moisture content, ash 

content, acid insoluble residue (AIR), and acid soluble lignin (ASL) of the extract were 

determined. 

To determine moisture content, approximately 60 mg of dried lignin was weighed into pre-dried 

and pre-weighed glass tubes and crucibles. They were dried at 105 °C for 24 h, cooled for 1 h 

in a desiccator, and weighed again. The moisture content was calculated using equation (16)  

 

%𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 =  
𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑝𝑙𝑢𝑠 𝑏𝑖𝑜𝑚𝑎𝑠 − 𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑝𝑙𝑢𝑠 𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑝𝑙𝑢𝑠 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 −  𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 
∗ 100   (16) 

 

Ash content was measured using the same crucibles by heating them in a muffle furnace at 

550 °C (2 h ramp, followed by 2 h at 550 °C, 2h cooling down). After that, the crucibles were 

cooled in a desiccator for 1 h, and their final weight recorded to determine the ash content as in 

equation (17).  

 

%𝑎𝑠ℎ =  
𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑝𝑙𝑢𝑠 𝑎𝑠ℎ − 𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒

𝑂𝐷𝑊𝑠𝑎𝑚𝑝𝑙𝑒
                                                            (17) 

 

For the determination of the AIR and ASL, the samples in glass tubes which were previously 

used for moisture content determination were used. Glass fiber filters (1.2 µm) were prepared 

by placing them in aluminum plates and drying them at 105 °C for 5 h, cooling in a desiccator 

for 1 h, and weighing. For AIR determination, 0.6 mL of 72% sulfuric acid was added to the 

samples in glass tubes, heated at 30 °C for 1 h with manual stirring every 10 minutes. 

Subsequently, 17 mL of distilled water was added to each tube, and the mixtures were 

autoclaved at 121 °C for 1 h. The hydrolysates were filtered using Büchner funnels fitted with 

the pre-weighed glass fiber filters. The filtrate was collected. The residue was further washed 

three times with 10 mL of distilled water, dried at 60 °C for 24 h, cooled in a desiccator for 1 h, 

and weighed to determine the AIR content.  
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%𝐴𝐼𝑅 =  
𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑖𝑙𝑡𝑒𝑟 𝑝𝑙𝑢𝑠 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 −  𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑖𝑙𝑡𝑒𝑟

𝑂𝐷𝑊𝑠𝑎𝑚𝑝𝑙𝑒
∗ 100                                                      (18) 

%𝐴𝐼𝐿 = %𝐴𝐼𝑅 − %𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠𝑎𝑚𝑝𝑙𝑒                                                                                              (19) 

Where %𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠𝑎𝑚𝑝𝑙𝑒 was determined following 3.2.8. 

 

The filtrates were analyzed using UV spectroscopy at 205, 240, and 320 nm to quantify acid-

soluble lignin (ASL). Samples with absorbance values exceeding 1 were diluted until an 

absorbance value less than 1 was obtained. Total lignin content was calculated as the sum of 

the AIR and ASL fractions.  

 

%𝐴𝑆𝐿 =  
𝑉𝑜𝑙𝑢𝑚𝑒𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒 ∗ 𝐴𝑏𝑠320𝑛𝑚 ∗  𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑂𝐷𝑊𝑠𝑎𝑚𝑝𝑙𝑒 ∗  𝜀 ∗ 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ
∗ 100                                     (20) 

 

Where 𝜀 is the molar absorptivity in L/(g.cm) and path length refers to the path length of the 

cuvette in cm. 

The total lignin content of the sample is then calculated as the sum of AIL and ASL which is 

interpreted as the purity of lignin in the stating sample. 

3.2.8. Protein content 

Protein content was determined using a Flash 2000 elemental analyzer. It was based on CHN 

analysis to quantify Nitrogen. Sulphanilamide with a known concentration of C, H, and N was 

used to develop a standard and as control. Approximately 1–2 mg of fine dry samples was 

weighed into tin capsules and analyzed. Nitrogen percentages obtained from the analysis were 

converted to protein content using a factor of 6.25, based on the assumption that proteins 

contain an average of 16% nitrogen. In this analysis, the protein content of raw BSG, 

hydrothermally pretreated BSG, and AG4-Lwere determined, and the results are given in Table 

6. The protein content of AG4-L was then used as a representative to all other lignin samples.  

 

Table 6: Protein content of different samples as determined by the CHN elemental analysis 

Sample % N % protein 

BSG (raw) 3.0 ± 0.1 18.7 ± 0.7 

BSG (Soxhlet plus 

hydrothermal pretreated) 

2.3 ± 1.0 14.28 ± 6.1 

AG4-L 1.46 ± 0.1 9.1 ± 0.8 

 

3.2.9. Electrochemical depolymerization 

The depolymerization of the lignin samples was performed in an electrochemical setup 

equipped with a nickel working electrode, a glassy carbon (GC) counter electrode, a Ag/AgCl 

reference electrode, and a temperature sensor. 1 g/L of a lignin solution was prepared in 0.1 M 
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NaOH and UV absorbance measured. This medium is known to dissolve lignin and serves as a 

good electrolyte. 10 mL of this solution was placed in the electrochemical cell under Argon 

vacuum (to prevent undesired oxidation by atmospheric oxygen). A voltage of 1V was supplied 

and the depolymerization was allowed to happen for 4 hours at room temperature. After 4 hours, 

the solution was collected, and a UV absorbance was measured.  

3.2.10. Size exclusion chromatography 

Samples were analyzed by size exclusion chromatography (SEC) to assess change in molecular 

weight distribution after electrochemical depolymerization. For this, samples before and after 

depolymerization were characterized. 10 µL of each sample was injected. The mobile phase 

consisted of aqueous ammonia (pH 10.93), and separation was achieved using two columns 

with molecular weight ranges of 100–30,000 Da and 100–1,000,000 Da, respectively. The 

system was equipped with a UV detector set at 280 nm to monitor aromatic lignin species. The 

analysis was recorded over 40 minutes.  
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4 Results 

4.1. Visual characteristics and Kamlet–Taft parameters of DESs 

Three deep eutectic solvents (DESs) with distinct compositions were prepared by heating their 

respective components between 60–70 °C under magnetic stirring until clear, homogeneous 

liquids were obtained. Since there was no inert atmosphere to store the DESs, they were 

immediately consumed. Otherwise, they might absorb water or undergo oxidation which can 

alter their composition and properties. Visually, the prepared DESs showed clear differences in 

viscosity. The ternary ChCl/EG/OA DES appeared the most viscous and partially solidified 

overnight (to avoid this it was used right away). ChCl/LA (1:1) was moderately viscous, while 

ChCl/LA (1:10) was less viscous as noticed during handling of the DESs. The visually observed 

trend in viscosity was: ChCl/EG/OA > ChCl/LA (1:1) > ChCl/LA (1:10). Viscosity is generally 

the drawback faced with many DESs and these preparations showed that it is possible to adjust 

this parameter by carefully adjusting the components. 

In this work, Kamlet-Taft parameters of the three DESs were studied in depth to get a better 

understanding of their ability to dissolve lignocellulosic biomass. The observed color change 

of the dyes in different DESs can be seen in Figure 13. This change in color results from 

differences in the DES’s hydrogen bonding interactions with the dye which affects the 

electronic transitions of the dye molecules. Notably, Nile Red showed visible color changes 

depending on the DES environment (see Figure 13a).  

Moreover, the dipolarity/polarizability (π*), hydrogen bond donor acidity (α), and hydrogen 

bond acceptor basicity (β) were quantified, and the results are depicted in Figure 14. Regarding 

α values, ChCl/LA (1:10) showed the highest α value (1.3). This is expected as lactic acid serves 

as the primary hydrogen bond donor in the mixture. A high α indicates a highly acidic and 

strongly protic environment (del Mar Contreras-Gámez et al., 2023).  ChCl/LA (1:1) had a 

slightly lower α value (1.0), while ChCl/EG/OA displayed the lowest α (0.5). The low α value 

of ChCl/EG/OA implies the hydrogen bond donating ability of this DES is low. In terms of 

dissolving ligncellulosic biomass, a high α suggests that the solvent can easily disrupt 

hydrogen-bonding networks in biomass. In contrast, β followed a different trend. ChCl/LA (1:1) 

exhibited the highest β value (0.7) then followed by  ChCl/LA (1:10) with β value of 0.6. while 

ChCl/EG/OA displayed the lowest β value of 0.4. The difference between α and β is interesting 

as this number tells us which lignocellulosic component can be dissolved in a particular DES 

(Alsoy Altinkaya, 2024). ChCl/LA (1:10) exhibited the largest α – β value of 0.7 while 

ChCl/EG/OA showed the smallest value of 0.1, suggesting a more balanced hydrogen bonding 

environment. Concerning π*, ChCl/EG/OA recorded the highest π* value of 1.2. The two 

ChCl/LA DESs showed similar π* values close to 1.1. The higer π* of the ternary DES may 

arise from the combined effects of ethylene glycol and oxalic acid, which contribute to more 

complex hydrogen bonding and electron delocalization. In any case, it is fair to say that all three 

DESs possessed polar environments capable of stabilizing charges. 
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Figure 13: Color change of solvatochromic dyes in the studied DESs and methanol 
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4.2. Extraction results 

Lignin extraction from brewery spent grain was carried out using ChCl/LA (AG3 – AG6). For 

this DES system, two molar ratios (1:1 and 1:10) were investigated at two temperatures (100 or 

140oC) for a fixed extraction time (3 h). A ternary DES, ChCl/EG/OA, was also studied for 

lignin extraction (AG7). The extraction conditions for AG7 were 100OC, 24 h, 500 rpm. Table 

4 shows the labels of the samples with their respective extraction conditions.  

One observation noticed was that the filtration to recover the lignin rich residue was fast when 

ChCl/LA with a molar ratio of 1:10 was used for lignin extraction at 100oC. It was slow when 

a molar ratio of 1:1 was used regardless of the temperature possibly due to the high viscous 

nature of ChCl/LA DES at this molar ratio. The filtration was even slower for the ternary DES 

(ChCl/EG/OA) based extraction as this DES system was visually the most viscous. The 

extraction at 140 °C was characterized by formation of a black lignin fraction. This is commonly 

observed at high temperatures due to partial degradation and condensation of lignin fragments.  

4.2.1. Lignin rich fraction 

Figure 15a presents the solid recovery (lignin rich fraction) from different DES systems as 

calculated from Equation 5. For extraction with ChCl/LA at 1:10 molar ratio, the solid 

recoveries at 100 oC (AG3-L) and 140oC (AG4-L) were 3.3 ± 0.4 and 16.3 ± 4.7 % respectively). 

For ChCl/LA at 1:1 molar ratio (AG5-L and AG6-L), the values were 1.7 ± 0.2 and 22.3 ± 0.9 

% respectively. It can be noticed that increasing the molar ratio of ChCl/LA and the extraction 

temperature increased the solid recovery for this DES system. The increase is more pronounced 

with temperature. For the ternary DES system ChCl/EG/OA (AG7-L). the highest solid 

recovery rate of 70.4 ± 8.9 % was recorded. However, it is important to note that this value 

cannot be directly compared to the ChCl/LA system as the extraction time was longer (24 h 

versus 3 h).   

Figure 15b shows the lignin purity of the recovered solid fractions. For the ChCl/LA DES 

system, the purity values (%) were 79.0 ± 0.2  or AG3-L, 79.2 ± 2.5 for AG4-L, and 83.6 ± 2.6 

for AG6-L. The values show that the purity wasn’t affected much by temperature where as 

changing the molar ratio from 1:10 to 1:1 slightly enhanced it (AG4-L versus AG6-L). Purity 

data for AG5-L are not available as the mass extracted wasn’t enough to perform the Klason 

protocol (six duplicate extractions were required to recover enough solid which was not 

possible due to time constraints). In contrast, the ternary DES system ChCl/EG/OA (AG7-L)  

resulted in a significantly lower lignin purity of 11.3 ± 4.0. Although AG7-L provided the 

highest solid recovery (as shown in Figure 13a), the recovered material contained a large 

proportion of non-lignin components. This was also visually confirmed as the recovered 

material was gel like as opposed to the one extracted with ChCl/LA (powder like).  

Lignin yield is another parameter investigated for recovered solid. This considers the true lignin 

content both in the recovered solid and in the initial biomass and is equal to Klason lignin (see 

Methods). 
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Figure 15: Lignin extraction from brewery spent grain with different DES at 100 and 140 OC: a) solid 
recovery b) purity c) lignin yield ; Note that purity and yield of  AG5-L was not determined 
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Figure 15c shows the actual lignin yield of the different extracts. For ChCl/LA at a 1:10 molar 

ratio, the yield increased from 12.7 ± 1.6 % at 100 °C (AG3-L) to 63.7 ± 18.4 % at 140 °C 

(AG4-L). The lignin yield was 92.2 ± 3.9 % for the 1:1 molar ratio at 140 °C (AG6-L) whereas 

no lignin yield data was obtained at 100 °C (for reasons mentioned before). These results show 

that both high temperature and low ChCl/LA molar ratio improve the lignin yield. The ternary 

DES system ChCl/EG/OA (AG7-L) gave a yield of 33.0 ± 4.2%, which was higher than AG3-

L but lower than AG4-L and AG6-L.  

4.2.2. Cellulose rich fraction 

The cellulose rich fraction was the solid that was retained in the filter when filtering the extract. 

The yield of this residue is calculated based on Equation 6 and the values are given in Figure 

16.  The values were 161.0 ± 3.2%, 108.8 ± 3.5, 73.8 ± 14.3%, 162.4 ±12.3%,131.9 ± 37.9% for 

AG3-C, AG4-C, AG5-C, AG6-C, and AG7-C respectively. The occurrence of values exceeding 

100% is due to the possible retention of residual DES components or other non-cellulosic 

material in the cellulose rich fraction. This indicates this fraction is not purely cellulose, and 

further analysis of this fraction is recommended to quantify cellulose content. Purification and 

characterization of the cellulose rich residue was beyond the scope of this work. 

 

 

Figure 16: Cellulose rich residue obtained after lignin extraction  with different DESs at 100 or 140OC 

 

4.2.3. FTIR spectra 

Figure 17 shows the FTIR spectra of the lignin samples discussed before. All samples showed 

characteristic lignin absorption bands. A broad peak around 3306 cm⁻¹ was assigned to O–H 

stretching vibrations of phenolic and aliphatic hydroxyl groups. The bands at 2921 and 

2846 cm⁻¹ respectively correspond to C–H stretching in methyl (–CH₃) and methylene (–CH₂–

) groups. The bands specific to lignin can be seen by zooming out in the region 1800 to 800 
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skeletal vibrations can be seen around 1630 and 1510 cm⁻¹, while the band at 1450 cm⁻¹ is 

associated with CH₂ deformations. The presence of syringyl (S) and guaiacyl (G) units is 

supported by peaks at 1265 cm⁻¹, 1126 cm⁻¹, and 1029 cm⁻¹, which are associated with C–O 

stretching in aromatic methoxyl and ether linkages. Some slight differences in the FTIR spectra 

of the lignin samples extracted with ChCl/LA DES (AG3-L to AG6-L) can give us some insights 

into the effect of the extraction conditions. For example, increasing the temperature from 100 °C 

to 140 °C at the same molar ratio (AG3-L to AG4-L or AG5-L to AG6-L) led to slightly more 

defined peaks in the aromatic skeletal region. This can be the result of improved purity at higher 

extraction times. Lignin extracted with the ternary DES (AG7-L) showed broader and more 

intense signals which may suggest the presence of DES residues, consistent with its lower 

purity. The broader peak around 3306, for example, may be intensified by the OH groups 

coming from ethylene glycol. 

 

 

Figure 17: FTIR spectra of different lignin extracted with different DES at 100 °C or 140 °C 

 

4.2.4. NMR spectra 

The 2D HSQC NMR spectra of lignin extracted from BSG at 140 °C with ChCl/LA (1:10) and 

ChCl/LA (1:1) is presented in Figure 18. The NMR spectra of the other samples weren’t 

available until the submission date of this report. Both spectra reveal the presence of major 

interunit linkages typical of lignin, including β–O–4 (aryl ether), β–β (resinol), and β–5 

(phenylcoumaran) structures. Two regions can be identified in the spectra: the aromatic region 

and the aliphatic region. In the aromatic region, AG4-L displays signals corresponding to  
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Figure 18: NMR spectra of lignin extracted at 140 °C with ChCl/LA having molar ratio of  (a) 1:10 
(AG4-L) and b) 1:1 (AG6-L) 
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guaiacyl units (G) and some hydroxyphenyl (H) units. AG6-L also shows G and H signals. The 

aliphatic region shows the presence of β–O–4 and β–5 linkages in both samples. AG4-L also 

shows  β–β signals. This may reflect differences in depolymerization and solubilization 

behavior influenced by the molar ratio of the DES. In both spectra, No syringyl (S) signals were 

detected in both  samples. This is likely because this subunit is degraded at high temperatures 

(140oC) as also reported in the literature (Hong et al., 2020a). 

The quantification of the different linages in the lignin samples is important to know the 

influence of the extraction conditions on lignin structure. This is the next task of this work, and 

the different bonds will be quantified according to equations (9-13). Once the quantities are 

determined, it is possible to say which of the conditions are preserving the linkages in lignin, 

in particular the β–O–4 linkages, which is interesting in lignin depolymerization.  

4.3. Electrochemical depolarization 

The goal of this experiment was to explore the potential for electrochemical depolymerization 

of lignin samples, particularly those that preserve β–O–4 linkages. Identifying such lignins 

requires full NMR characterization, which is still in progress. For the purpose of this report, 

one lignin sample (AG6-L), extracted with ChCl/LA (1:1) at 140 °C, was selected for 

preliminary electrochemical depolymerization. The electrochemical depolymerization was 

done for 4h in 0.1M NaOH solution. Figure 19 depicts the results. 

As shown in Figure 19a, a visible color change from dark brown (0 h) to light orange (4 h) was 

observed. This indicates that a chemical transformation of the lignin solution during 

depolymerization has happened.  

Figure 19b shows the corresponding UV absorbance spectra recorded before and after the 

reaction. Lignin is known to absorb in the UV-Vis region due to its aromatic and phenlic 

structures. Lignin’s UV spectra show a maximum absorption in around 280 nm. This absorption 

maximum is due to non-conjugated phenolic groups and aromatic ring π→π transitions (Tian 

et al., 2015). A peak around 210 nm is also common for lignin attributable to phenolic content. 

These absorbance peaks are used to monitor the degradation of lignin (be it enzymatic or 

chemical degradation). For AG6-L, the initial spectrum showed a big absorbance peak around 

280 nm in line with expectations. After 4 hours of electrolysis, the absorbance intensity 

decreased, suggesting degradation of aromatic rings. The color changes supplemented with the 

reduction in absorbance tell us that a cleavage of interunit linkages has taken place and smaller 

fragments have possibly formed. This is a good clue to proceed studying further electrochemical 

depolymerization. Figure 19c shows the SEC chromatogram before and after depolymerization 

for AG6-L (ChCl/LA (1:1) ,140oC, 3h) detected by UV. The UV signal of the untreated lignin 

exhibited a single dominant peak corresponding to high-molecular-weight aromatic species. 

After 4 h of electrochemical depolymerization, the UV trace revealed two distinct peaks: one at 

the original retention time and another shifted to later times, indicative of lower-molecular-

weight fragments.. However, the exact molecular weights were not determined as UV detector 

isn’t convenient for this purpose.  
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Figure 19: Comparing before and after electrochemical depolymerization AG6-L (ChCl/LA (1:1) , 140oC: 3h): 
a) color change, b) UV absorbance, c) SEC elution profile as a function of retention time 
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5 Discussion of results 

5.1. Effect of extraction conditions on lignin yield 

The effectiveness of lignin extraction from BSG was affected by both the composition of DES 

and extraction temperature. For example, changing the molar ratio of ChCl/LA from 1:1 to 1:10 

at 100 °C increased the solid recovery rate from 1.7 % to 3.3 %. Ather authors have reported 

similar trends. Zhang et al., (2016) showed that modifying the ChCl/LA molar ratio from 1:2 

to 1:10 led to an increase in lignin yield from 63.7% to 93.1%, which they attributed to 

improved solvent acidity and hydrogen bonding capabilities. This is also in line with the 

prediction using Kamlet-Taft parameters. The ChCl/LA (1:10) system exhibited higher α – β 

value among the consistent with its superior solid recovery. 

Temperature had even a more pronounced effect in lignin yield. Lignin extraction from BSG 

with ChCl/LA (1:10) yielded 12.7 % at 100 °C and 63.7 % at 140 °C consistent with literature 

findings. Cassoni et al. (2023),One study on lignin extraction from BSG using ChCl:LA (1:5) 

DES showed that increasing the temperature from 60 °C to 120 °C improved lignin yield from 

18.3% to 58.6% (Cassoni et al., 2023b). The increased lignin yield with increasing temperature 

is primarily due to enhanced mass transfer at high temperatures which again improves 

solubilization of lignin in the solvent. High temperature also promotes bond cleavage within 

the lignin polymer network (Cassoni et al., 2023b; Rodrigues et al., 2024). 

The reduced purity (despite high solid recovery) and viscous nature of the lignin extracted using 

the ternary DES (ChCl/EG/OA) can result from different factors. First, the moderate acidity 

and high basicity (low α, high β) of this DES favors the solubilization of not only lignin but 

also hemicelluloses and other components. Second, the lower extraction temperature (100 °C) 

may have limited lignin solubilization efficiency. Lastly, the prolonged extraction time (24 h) 

may have led to condensation or polymerization reactions forming a gel-like solid. Liu et al., 

(2021) reported similar characteristics of lignin extracted with the same ternary DESs and 

extraction conditions. 

5.2. Structural features of lignin 

The FTIR spectra of the DES-extracted lignins revealed characteristic lignin functional groups 

as presented in Figure 17 which are quite comparable to other spectra in the literature 

(Fernandes et al., 2024; Provost et al., 2022). The spectra of all ChCl/LA extracted show slight 

differences. The slightly stronger signals around 1510 and 1700 cm⁻¹ for lignin extracted at 

140 °C (AG4-L and AG6-L) compared to at 100 °C (AG3-L and AG6-L) may result from 

condensation reactions which is typical for lignin at high temperatures (Kačík et al., 2025). 

However, changing the molar ratio at the same temperature didn’t seem to change the intensity 

of the observed signals.  

The 2D HSQC NMR analysis confirmed the presence of aromatic and aliphatic linkages in 

lignin samples extracted with ChCl/LA in both molar ratios at 140 °C. The presence of β–O–4 

linkages was also detected but their quantities isn’t determined yet. The interpretation of the 

NMR results is limited due to the unavailability of spectra for samples extracted at 100 °C. This 

missing data limits our ability to assess how milder extraction conditions influence the 

structural preservation of lignin, particularly the thermally sensitive β–O–4 linkages. The 

preservation of these bonds is interesting for lignin valorization by depolymerization. Studies 
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have shown that extraction conditions significantly affect the retention of native lignin 

structures. Lower-temperature paired with less acidic DES systems tend to favor β–O–4 

preservation (Chen et al., 2020c; Li et al., 2024). In this work, that would mean the lignin 

extracted with ChCl/LA (1:1) at 100 °C but we can only tell after a complete characterization 

of the samples. In contrast, high temperatures and acidic conditions promote cleavage of labile 

bonds leading to more recalcitrant lignin structures (Kačík et al., 2025). This shows the tradeoff 

between high lignin yield and preservation of β–O–4 linkages.  

Although the NMR spectra of the ChCl/EG/OA extracted lignin (AG7-L) isn’t present, a study 

by Liu et al., (2021) with the same DES and same extraction condions revealed the the 

preservation of high β–O–4 linkages by incorporating ethylene glycol into the lignin structure 

thereby suppressing recondensation. HSQC NMR analysis of their sample revealed up to 53 β–

O–4 linkages (both native and modified) per 100 aromatic units. This number was higher than 

in lignin extracted with traditional acidic DESs. This demonstrates that despite the low purity 

of the ternary DES extracted lignin, it can be interesting from the point of view of preseriving 

β–O–4 linkages and by extension for electrochemical valorization if confirmed. 

5.3. Electrochemical depolymerization of lignin 

The preliminary results of electrochemical depolymerization suggest a promising potential for 

breaking down lignin under greener conditions (mild temperature). In this work, only the lignn 

extracted with ChCl/LA (1:1, 140 °C, 3h) was tested due to absence of complete NMR data and 

time constraints. The observed color change accompanied by a notable decrease in UV 

absorbance at around 280 nm is possibly due to a reduction in aromatic ring systems caused by 

oxidative or reductive cleavage of interunit linkages such as β–O–4. UV-vis and visual 

observations provide initial qualitative evidence for depolymerization, but they do not confirm 

the formation of low molecular weight products. The change in absorbance could also arise 

from repolymerization or condensation reactions, especially in lignin samples where reactive 

intermediates (e.g., phenoxy radicals) are not stabilized (Borba et al., 2016).  SEC 

chromatogram also shows the appearance of peaks at a longer retention time. However, the 

intensity of the big MW fragments increased relative to the 0 h sample in the SEC 

chromatogram. Since the SEC signals were detected by UV at 280 nm and UV only shows the 

aromatic rings, the relative increase may not mean anything in terms of molecular weight. 

Alternatively, this could mean that in addition to fragmentation, condensation reactions have 

occurred during electrolysis. The true average MW of the fragments was not determined as the 

equipment was now fitted with a suitable detector. The nature and quantities of the fragments 

will be studied by GC-MS in the remaining time of the internship. 

It is important to note that the success of electrochemical depolymerization depends on the 

structure, particularly in the β–O–4 linkages of the lignin sample. Other studies have 

demonstrated the role of lignin structure in lignin electrochemical depolymerization. For 

example, Alves da Cruz et al., (2022) demonstrated that organosolv lignin with high content of 

β–O–4 linkages could be selectively depolymerized using anodic oxidation. Their work showed 

that the process yielded valuable monomers such as guaiacol, vanillin, and syringaldehyde. 

They also showed that parameters like the applied potential and electrode material influenced 

product distribution. Similarly, Zhang (2022) emphasized the importance of β–O–4-rich lignins 

for successful depolymerization, noting that highly condensed technical lignins such as kraft 



40 
 

lignin exhibit poor reactivity under electrochemical conditions. Zhang’s findings also underline 

the influence of lignin extraction methods on structural preservation. They pointed out that mild 

protocols like organosolv or DES are preferred to preserve labile linkages.  
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6 Conclusion and feature perspectives 

In this study, the extraction and characterization of lignin from brewery spent grain with 

ChCl/LA (1:1 and 1:10 molar ratios) and ChCl/EG/OA was performed with emphasis on the 

effect of molar ratio and temperature on solid recovery, purity, and yield. Among the ChCl/LA 

DES, higher temperature (140 °C) led to increased solid recovery and lignin yields. It wasn’t 

possible to conclude on the effect of molar ratio on solid recovery, yield and purity due to 

conflicting data at 100 and 140°C. Interestingly, the lignin purity remained similar among all 

samples extracted with ChCl/LA DES. However, the purity was low for the ternary DES 

extracted lignin (Ag7-L). The FTIR spectra of AG7-L also showed broader and more intense 

signals compared to the others possibly due to the presence of imputities such as residual DES. 

It was also preliminarily shown that one of the lignin samples (ChCh/LA, 1:1, 140°C, 3h) can 

be electrochemically broken down into smaller monomers as observed by its color change and 

reduced UV absorbance after electrolysis. This is an interesting starting point to proceed further 

with identification and quantification of the monomers. 

The future work, therefore, will focus on completing the characterization of the lignin samples 

to better understand their structure. The extracted lignin samples will be depolymerized to 

establish a structure-depolymerization efficiency relationship. Focus will be given to studying 

the effect of β–O–4 linkages on electrochemical depolymerization efficiency of samples. All 

the extraction and characterization experiments will be repeated on grape pomace, a biomass 

that is known to exhibit different compositions compared to brewery spent grain. This will give 

a comparative study for process development. 
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