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ABSTRACT 

This work aimed at exploring the potentialities of eutectic solvents (ES) in the fractionation 

of olive tree pruning (OTP) biomass within a biorefinery framework, targeting an efficient 

separation of cellulose fibers and lignin and simultaneously producing high quality fractions 

for further processing and application. In this sense, delignification performances of 

cholinium chloride:ethylene glycol, ChCl:EG (1:9) and cholinium chloride:p-toluenesulfonic 

acid:ethylene glycol, ChCl:pTSA:EG (1:1:9) as binary and ternary mixtures, respectively, 

were first evaluated. ChCl:EG demonstrated low efficacy for biomass delignification, while 

the highest lignin extraction (62.7 %) was achieved with ChCl:pTSA:EG at 80 ºC and 4 h, 

roughly triplicating the cellulose content (62.5 %) in the resulting solid fraction compared to 

the raw OTP (22.3 %). This ternary ES enabled OTP matrix breakdown, which combined 

with lignin extraction, enhanced afterwards the enzymatic hydrolysis of cellulose-rich 

fraction to a maximum saccharification yield of 81.8 %. The sample exhibited an impressive 

aliphatic OH group content of 5.2 mmol·g-1 lignin, one of the highest values amongst the 

state-of-the-art. The resulting phenomenon is explained by the ethylene glycol grafting onto 

lignin structure (aliphatic region) as demonstrated by 31P and HSQC NMR, giving chemical 

functionality to the isolated lignin fraction. Finally, up to 90 % of the initial mass of 

ChCl:pTSA:EG was recovered through adsorption of impurities. NMR data validated the 

high purity and the same molar ratio (1:1:9) of recovered ES, two important outcomes to 

ensure a sustainable reutilization of this solvent. 

 

KEYWORDS: delignification; eutectic solvents; lignin; functionality; solvent recovery; 

biorefinery; sustainability.   
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1. INTRODUCTION 

Addressing the depletion of fossil fuels, the transition to renewable alternatives, and 

mitigating the repercussions of conventional industrial practices, represent a significant 

global challenge across environmental, social, and economic pillars that needs to be 

overcome.1 In this regard, using lignocellulosic biomass as renewable raw material, whose 

annual production is approximately 1 × 1011 tons,2 would allow a more sustainable model of 

development by partially replacing petrochemical resources for the production of clean and 

sustainable energy, fuels, chemicals and materials.3 

Olive tree pruning (OTP) constitutes one of the main agricultural residues in Mediterranean 

countries generated during the removal of unproductive branches from olive groves.4 OTP is 

a lignocellulosic material composed of cellulose (21-23 %), hemicelluloses (14-18 %) and 

lignin (18-23 %),5 three valuable components, whose integral fractionation and conversion 

is required for the development of a lignocellulosic biorefinery within a circular economy 

perspective.6 Over the years, cellulose fibers and hemicelluloses have been the target 

component for the production of commodities, such as biomaterials (e.g. paper and 

cardboards), biofuels (e.g. ethanol) and biochemicals7,8 with commercial profitability.9 

However, low or negligible attention has been given to the valorization of lignin. For a more 

sustainable management of biomass as material resource, lignin isolation and further 

conversion towards biochemicals and biomaterials is required, alongside with the 

carbohydrate fraction in the frame of a biorefinery scheme. 

Lignin is a heterogeneous, amorphous and aromatic polymer with interesting 

physicochemical functionalities that deserve strategical exploitation.10 It is an amorphous 

macromolecular structure mainly composed of three monolignol structures, namely I-

coumaryl, coniferyl, and sinapyl alcohols, which linked by ether (β-O-4, α-O-4, 4-O-5) and 
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carbon-carbon (5-5', β-5, β-1, β-β) bonds during lignin biosynthesis giving rise to p-

hydroxyphenyl (H), guaicyl (G), and syringyl (S) units, respectively.11 Lignin is thus an 

ubiquitous material that exhibit high thermal stability, biodegradability, antioxidant activity, 

amphiphilicity, reinforcing capacity, UV protecting ability, among other valuable 

properties12,13 with high potential for multiple applications in the biofuels, and biobased 

materials and chemicals sectors.14 

Several authors have reported OTP delignification mediated by traditional methodologies, 

such as organosolv treatment with ethanol,15 acetosolv and formosolv treatments with acetic 

acid and formic acid, respectively,16 soda/anthraquinone extraction,17, water18 and steam 

explosion with phosphoric acid.19 The common denominator in their development relies on 

the maximum disruption of biomass matrix and exposure of the carbohydrate fraction 

towards enzymatic hydrolysis and biotechnological fermentation. However, the high severity 

of those processes brings technical limitations related to the formation of unproductive 

furfural and HMF, two main inhibitors for microorganism fermentation, as well as economic 

concerns associated to the energetic demand and specific equipment requirement. 

Furthermore, lignin removal is mandatory in those processes, but any kind of valorization for 

this macromolecular component is considered. Generally, lignin obtained from these 

processes exhibit a high degree of degradation (condensation) in its macromolecular 

structure, decreasing its chemical functionality for application. If these undesired reactions 

are prevented, lignin will be more prone for upstream conversion into biobased chemicals 

and materials. 

Therefore, deploying efficient and environmentally friendly biomass delignification 

processes, allowing not only carbohydrate exposure to enzymatic hydrolysis, but also 

enabling the isolation of lignin with reduced condensation structures, or in the best scenario, 
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imparting new chemical functionalities to isolated lignin, is highly required for the 

implementation of next generation biorefineries processes.20 In this context, eutectic solvents 

(ES), a neoteric class of green solvents, may provide a reliable solution to improve the 

sustainability of biomass processing, particularly in the fractionation performance.  

ES are mixtures of hydrogen bond donor (HBD) and hydrogen bond acceptos (HBA) 

species that exhibit lower melting points than each of the individual components.21 ES exhibit 

important properties to reach process sustainability, including low toxicity, simple 

preparation, low cost, biodegradability, recyclability and high solubility power and thermal 

stability.22 These features make them an environmentally friendly alternative to conventional 

organic solvents.7,23 The state-of-the-art discloses that these solvents are able to solubilize 

lignin (e.g. Kraft and Organosolv lignins)24 to the detriment of a poor performance for 

cellulose dissolution, which is an important trigger to reach enhanced biomass fractionation.9 

Moreover, ES have shown to provide favorable physicochemical properties to the extracted 

lignin, for instance, by maintaining a high degree of β-O-4 aryl ether bonds in lignin structure 

7, when operated at low temperature (<100 ºC). 

In particular, ChCl:LA has demonstrated high performance in biomass delignification, 

particularly at higher LA molar ratios.25 In this case, the delignification mechanism relies on 

the partial acidic cleavage of β-O-4 bonds promoted by the acid component of the ES, and 

catalytically boosted by the halide from cholinium salt.26 However, excess of organic acid 

combined with temperatures higher than 100 ºC demonstrated a negative impact on lignin 

chemical structure, increasing the content of condensed structures. 

On the other hand, ES containing alcohols, such as ethylene glycol (EG) or glycerol, exhibit 

high capacity for lignin dissolution (technical lignins)23 low corrosivity and biocompatibility 
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with subsequent downstream processing (enzymes and microorganisms). However, these 

alcohol-based ES have revealed low efficacy in disrupting the lignocellulosic biomass 

matrix, including cleavage of lignin chemical bonds, and consequently they have shown low 

efficiency in extracting lignin from biomass. In this sense, a ternary system comprising a 

wise combination of acid and alcohol, besides the presence of ChCl may provide benefits in 

the fractionation of carbohydrate and lignin, since it will offer simultaneous acidic catalytic 

conditions and solvent power in a single solvent formulation. A previous study demonstrated 

that ternary ES consisting of ChCl:LA:EG, although enabling a good pre-treatment 

performance of rice straw, improving the digestibility of polysaccharides and increasing the 

biobutanol titer by fermentation, was ineffective in extracting lignin.27 To overcome this 

limited fractionation, p-toluenesulfonic acid (pTSA) is proposed in the present study as the 

acid component of ES, since, based on data reported elsewhere,26 it may induce better acidic 

catalytic cleavage conditions than the LA counterpart. Moreover, due to its aromatic structure 

and hydrotropic properties, pTSA may improve even more the dissolution process of the 

amphiphilic lignin macromolecules.28,29  

In this sense, this study aimed at evaluating the efficiency of OTP delignification with EG-

based ES, namely the ternary ChCl:pTSA:EG (1:1:9) and the binary ChCl:EG (1:9) (for 

comparison). The fractionation performance of ChCl:pTSA:EG was assessed, particularly on 

the quality of cellulose and lignin as isolated fractions. The isolated cellulose-rich solid was 

morphologically and chemically characterized to evaluate the effect of ternary ES, while a 

saccharification step was subsequently appraised towards the production of fermentable 

sugars. On the other hand, the lignin-rich fraction was extensively characterized by FTIR, 

2D HSQC and 31P NMR, elemental analysis, TGA and GPC to inspect its physicochemical 

characteristics and to infer its reactivity with ternary ES. Finally, a proof-of-concept upon ES 
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recycling was performed by adsorption of impurities to ensure the sustainability of the 

process. 

 

2. EXPERIMENTAL SECTION 

2.1. Materials 

Olive tree pruning (OTP) was obtained from an olive grove in the province of Jaén (Spain) 

after fruit harvesting. OTP was dried at room temperature and milled with a Retsch SM 100 

blade mill (Haan, Germany) to particle size 1 to 8 mm before its use. Then, OTP was milled 

to ~1 mm size using an ultracentrifugal ball mill ZM 200 (Retsch, Haan, Germany) and 

sieved to a particle size between 0.250-1 mm. Afterwards, the moisture content of the 

biomass was determined to 6.56 ± 0.07 %, using the HE53 moisture analyzer (Mettler 

Toledo, Barcelona, Spain). Finally, OTP chemical composition was determined by the 

analytical methods of the National Renewable Energy Laboratory (NREL, Golden, CO, 

USA).30  

 

2.2. Eutectic solvents preparation 

The binary ES was prepared by mixing ChCl with EG in a molar ratio of 1:9 (ChCl:EG), 

while ChCl, pTSA and EG were used in a molar ratio of 1:1:9 to prepare the ternary ES. For 

the formulation of both ES, the moisture content of the different precursors was measured by 

Karl Fischer coulometric titration (Metrohm 831, Herisau, Switzerland). Each mixture was 

melted in sealed glass flasks an oil bath (maximum temperature 80 °C) for 1 h with constant 

magnetically stirring until a homogeneous liquid was obtained. Finally, both mixtures were 

stored at room temperature until use. 
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2.3. Biomass fractionation process 

The experimental procedure for the delignification of OTP is shown in Figure 1. Briefly, 1 

g of dry biomass was added to the reaction glass tube together with the ES solution (9 g total) 

to achieve a dry solid loading of 10 % by weight. The reaction tubes were sealed and 

incubated in a Radleys Tech carousel system (Saffron Walden, UK) magnetically stirred at 

500 rpm. Binary ES extractions were performed at 80, 100 and 120 °C and residence times 

of 0.5, 1 and 2 h, while ternary ES tests were carried out at a fixed temperature of 80 °C and 

the extraction time was varied from 0.5 to 6 h. 

 

 

Figure 1. Scheme of the OTP fractionation developed in this study using eutectic solvents. 
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After biomass delignification, the tubes were cooled down and 20 g of water:ethanol (1:1 

v/v) was added to the reaction tube to reduce the viscosity of resulting liquid solution, while 

maintaining soluble the extracted biomass components. 

The liquid and solid fractions were separated in a vacuum filtration system equipped with 

0.45 μm porosity Cytiva Whatman nylon membrane filters (Fisher Scientific, Pittsburgh, PA, 

USA). The solid fraction (S-ES) was thoroughly washed with distilled water to remove ES 

residues and dried in an oven at 40 °C for 24 h. Subsequently, it was weighed to determine 

the solid recovery according to equation (1): 

 

𝑆𝑜𝑙𝑖𝑑 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
𝐷𝑒𝑙𝑖𝑔𝑛𝑖𝑓𝑖𝑒𝑑 𝑠𝑜𝑙𝑖𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝑅𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
 ∙ 100                                  (1) 

 

For lignin isolation, 20 mL of liquid fraction (L-ES) was gradually poured into a tube half-

filled with ice to promote precipitation of the extracted lignin and then 40 mL of distilled 

water was added. The obtained solution was stored at 4 ℃ for 24 h to ensure maximum lignin 

precipitation. The lignin-rich fraction (LIG-ES) was then filtered using vacuum filtration 

system as mentioned before, washed with 50 mL of distilled water and dried at 40 ℃ for 24 

h.  

Delignification yield, isolated lignin and selectivity were calculated based on equations (2) 

and (3), respectively: 

 

𝐷𝑒𝑙𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =  1 −  
𝐿𝑖𝑔𝑛𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑑𝑒𝑙𝑖𝑔𝑛𝑖𝑓𝑖𝑒𝑑 𝑠𝑜𝑙𝑖𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑔)

𝐿𝑖𝑔𝑛𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔)
 ∙ 100   (2) 

𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑙𝑖𝑔𝑛𝑖𝑛 (𝑚𝑔 𝑙𝑖𝑔𝑛𝑖𝑛 ∙ 𝑔−1 𝑏𝑖𝑜𝑚𝑎𝑠𝑠) =  
𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒𝑑 𝑙𝑖𝑔𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)

𝑅𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
                  (3) 
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Subsequently, isolated lignin fraction was characterized to determine its structural 

composition by different analytical techniques as described in Section 2.6. 

 

2.4. Enzymatic hydrolysis of the solid fraction 

OTP and S-ES obtained after extraction with ternary ES at 80 ºC for 4 h were used as 

substrates for enzymatic hydrolysis (EH). The commercial enzyme solution Cellic® CTec2 

(Novozymes A/S, Bagsværd, Denmark) at 15 filter paper units (FPU)/g substrate and β-

glucosidase (Novozymes A/S, Bagsværd, Denmark) at 15 international units (IU)/g substrate 

were used to hydrolyze the aforementioned solids. The S/L ratio used was 5% w/v, citric 

acid-citrate buffer 0.05 M at pH 4.8 and Avicel® PH-101 (Sigma-Aldrich, St. Louis, MO, 

USA) was used as enzymatic control. The samples were processed on an orbital shaker (IKA 

KS 4000 i control, Staufen, Germany) for 72 h at 50 °C and 150 rpm. Samples were taken at 

8, 24, 32, 48 and 72 h, and the released glucose and xylose concentrations were determined 

by HPLC-RID analysis as detailed in section 2.5. Enzymatic digestibility (YWIS) and 

enzymatic hydrolysis yield (EH yield) were calculated as follows: 

 

𝑌𝑊𝐼𝑆  (%) =  
𝑔 𝑔𝑙𝑢𝑐𝑎𝑛 𝑏𝑦 𝐸𝐻

100 𝑔 𝑔𝑙𝑢𝑐𝑎𝑛 𝑖𝑛 𝑆−𝐸𝑆
                                                                                         (4) 

𝐸𝐻 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝑔 𝑔𝑙𝑢𝑐𝑎𝑛 by 𝐸𝐻

100 𝑔 𝑔𝑙𝑢𝑐𝑎𝑛 𝑖𝑛 𝑂𝑇𝑃
                                                                                    (5) 

 

2.5. Recovery of ternary ES 

The recovery of the ternary ES (ChCl:pTSA:EG) after OTP delignification was performed 

by adsorption using C18 reversed-phase silica gel (LiChroprep® RP-18, Merck Millipore, 
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Burlington, MA, USA) stationary phase and a Fisherbrand™ GP 1000 peristaltic pump 

(Thermo Scientific Chemicals, Waltham, MA, USA) to favor the elution process.  

The stationary phase (30 g LiChroprep® RP-18) was activated with 400 mL of methanol 

and conditioned with 400 mL of distilled water. Approximately 30 mL of the L-ES (after 

lignin precipitation) was loaded to the column and then eluted with a large volume of distilled 

water to ensure maximum recovery of ES. Regeneration of the column was performed with 

100 mL methanol and followed by column conditioning with water for a next 

chromatographic run. Finally, ES was recovered by water evaporation using a BÜCHI R-114 

rotary evaporator (Thermo Scientific Chemicals, Waltham, MA, USA) and preserved in a 

desiccator. 

 

2.6. Sample characterization 

2.6.1. Chemical analysis of solid fraction 

The OTP and all delignified OTP solids (S-ES) with binary and ternary ES were chemically 

characterized according to the standard NREL.30 

In this methodology, 0.3 g of biomass is subjected to a two-step acid hydrolysis to 

hydrolyze and solubilize all the structural carbohydrates present. The first step uses 

concentrated H2SO4 (72 % v/v) for 1 h at 30 °C and the second step diluted H2SO4 (4 % v/v) 

at 121 °C for 60 min. The hydrolysates obtained were analyzed by HPLC-RID (described in 

section 2.5) to determine the concentration of monomeric sugars released after acid 

hydrolysis and the content of acetyl groups at 280 nm. The acid soluble lignin content (ASL) 

was determined in the liquid fraction by UV/VIS using a spectrophotometer (UV-1700 

PharmaSpec Shimadzu, Kyoto, Japan) measuring at 240 nm wavelength.  
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Finally, acid insoluble lignin (AIL) and acid insoluble ash contents (575 °C, 6 h) were 

determined by gravimetric analysis by weighing the solid resulting from two-step acid 

hydrolysis. 

 

2.6.2. Morphological analysis of solid fraction 

Scanning electron microscopy (SEM) was used to examine the morphological changes of 

the biomass before (raw OTP) and after delignification (S-ES) with ternary ES at 80 ºC for 4 

h. Dry samples were fixed with double-sided carbon adhesive tape mounted on SEM grids 

and coated with carbon before SEM analysis. The images were acquired at high vacuum 

conditions, 15 kV and 30x, 200x and 500x magnification using a Hitachi SU-70, Tokyo, 

Japan instrument. 

 

2.6.3. Liquid fraction characterization 

The L-ES was analyzed by HPLC-PAD (Elite LaChrom VWR HITCHI, Tokyo, Japan) to 

determine the content of sugars and sugar degradation products (furfural and HMF). The 

samples (10 µL) were injected into the HPLC system consisting of a pump L-2130 (Hitachi, 

Chiyoda, Japan), an autosampler L-2200 (Hitachi, Chiyoda, Japan) and two detectors, a 

photodiode array detector (PAD) L-2455 (Hitachi, Chiyoda, Japan) and a refractive index 

(RI) detector L-2490 (Hitachi, Chiyoda, Japan). The compounds were separated on a Rezex 

ROA-Organic acid H+ 8% ion exchange column (300 x 7.8 mm; particle size 8 µm), supplied 

by Phenomenex (Torrance, CA, USA) and maintained at 65 °C (Gecko 2000 oven, CIL 

Cluzeau, Sainte-Foy-la-Grande, France). The eluent used was a 0.005 N solution of sulfuric 

acid at a flow rate of 0.5 mL∙min-1. Calibration curves of glucose, xylose, furfural and HMF 

were used to determine the concentration of the analytes in the obtained liquid samples. 
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2.6.4. FTIR-ATR analysis of lignin 

FTIR-ATR analysis of the LIG-ES sample and Kraft lignin (as a reference) was carried out 

on a PerkinElmer Spectrum BX spectrometer (Waltham, MA, USA) coupled with an 

attenuated total reflection (ATR) Golden Gate horizontal cell and an internal diamond crystal. 

Each spectrum corresponded to the average of 32 scans in absorbance units and was recorded 

in the region between 4000 and 400 cm-1 with a resolution of 4 cm-1 and interval of 1 cm-1. 

For the subsequent analysis, baseline correction and normalization of spectra were 

performed. 

 

2.6.5. 1H and 13C NMR analysis 

The ¹H and ¹³C NMR spectra of pristine and recovered ternary ES were recorded at 300.13 

MHz and 75.47 MHz, respectively, using a Bruker AVANCE 300 MHz NMR (Bruker, 

Billerica, MA). The ternary ES was appropriately dissolved in deuterated water (D2O) (20 

mg/500 ul of solvent) and the mixture was transferred to a 5 mm diameter NMR tube 

(Wilmad-LabGlass™, Vineland, USA). 

 

2.6.6. 2D HSQC NMR analysis 

For the analysis, 55 mg of LIG-ES sample was dissolved in 0.5 mL of DMSO-D6. The 

resulting mixture was then carefully added to a 500 MHz NMR tube (Wilmad-LabGlass, 

Vineland, NJ, USA). A Bruker AVANCE 500 MHz NMR spectrometer (Bruker, Billerica, 

MA) was used to acquire the two-dimensional 1H-13C chemical shift (δH 0 ppm – 9 ppm and 

δC 0 ppm -180 ppm) correlations. The system was equipped with a 5 mm TXI 1H/13C/15N 

cryoprobe inverse gradient using the "hsqcetgp" pulse sequence supplied by Bruker with 2D 
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H-1/X correlation using inept double transfer (fitting pulses), Echo/Antiecho-TPPI gradient 

selection for improved phase sensitivity and decoupling during acquisition. Chemical shifts 

were calibrated with reference to the center peak of the solvent DMSO-D6 (δH 2.49 ppm and 

δC 39.5 ppm). Experimental conditions were: temperature of 25 °C, spectral width of 11 ppm 

and 165 ppm in the F2 (1H) and F1 (13C) dimension, respectively, 194 scans, 1024 data points 

and a recycle delay of 1.5 s. 

Lignin correlation signals in the HSQC spectrum of the LIG-ES were assigned according 

to the literature.17,19,23,31 

 

2.6.7. 31P NMR analysis 

A solvent mixture of anhydrous pyridine and deuterated chloroform (1.6:1 v/v) was 

prepared and protected from moisture with molecular sieves (5Å). An internal standard (IS) 

solution was then prepared using the solvent mixture and adding chromium (III) 

acetylacetonate (3.6 mg∙mL-1) and cyclohexanol (20 mg∙mL-1) as the relaxation reagent and 

the IS, respectively. About 30 mg of the lignin sample, previously dried at 40 °C for 6 h in a 

vacuum oven (Thermo Scientific VT 6025, Waltham, MA, USA), was weighed into a vial. 

The sample was then dissolved in a 500 µL aliquot of the solvent mixture and a 100 µL 

aliquot of IS solution. After thorough stirring, 100 μl TMDP was added to the above solution, 

and the mixture was again stirred before transferring to an NMR tube (Wilmad-LabGlass, 

Vineland, NJ, USA) for further analysis. Finally, the 31P NMR spectra were acquired with a 

Bruker AVANCE 400 MHz NMR spectrometer (Billerica, MA, USA) and the quantification 

of different type of hydroxyl groups was carried out according to equation (6): 
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𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝 (𝑚𝑚𝑜𝑙 𝑔⁄ 𝑙𝑖𝑔𝑛𝑖𝑛) =  
𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 

𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
 ∙ 𝐼𝑆 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ∙ 0.1 (6) 

 

2.6.8. Thermogravimetric analysis 

A Shimadzu TGA-50 Series analyzer (Shimadzu Corporation, Kyoto, Japan) was used for 

thermogravimetric analysis (TGA) of LIG-ES samples. For this analysis, ~5 mg of sample 

was placed in an aluminum container and analyzed at constant nitrogen flow rate of 50 

mL∙min-1. The samples were heated at a rate of 10 °C·min-1 within a temperature range of 

25-800 °C. 

 

2.6.9. Experimental and analytical error 

All the experiments were performed in triplicate and the obtained results were expressed 

as means with associated standard deviation (σ). The applied temperature in the reactions 

demonstrated a Δ(T) =1 ºC. All the mass determinations were performed with a given Δ(m) 

= 0.1 mg. 

 

3.  RESULTS AND DISCUSSION 

3.1. Evaluation of OTP delignification process with examined ES 

3.1.1. Solid and liquid composition  

The determined chemical composition of raw OTP on dry basis exhibited 22.3 % glucan, 

15.5 % hemicelluloses, 18.2 % lignin, 4.3 % ash and 31.3 % others (e.g.  free sugars, phenolic 

compounds, proteins, lipids, among others). These values were taken as a basis for 

comparison with the solid recovery yield and chemical composition of the solid fractions (S-

ES) obtained after OTP delignification with binary ES (ChCl:EG; 1:9) and ternary ES 



16 

 

(ChCl:pTSA:EG; 1:1:9) as depicted in Figure 2a and 2b, respectively. The composition of S-

ES without reference on dried OTP is shown in Figure S1. 

 

 

Figure 2. Solid recovery yield (total bar) and composition of main fractions (stacked 

bars) after OTP treatment with a) ChCl:EG and b) ChCl:pTSA:EG. Composition based on 

dried raw OTP. 

 

The application of binary ES (ChCl:EG; 1:9) exhibited no relevant effect on the S-ES 

composition at the examined temperatures and times (Figure 2a and Figure S1a). The relative 

proportions of cellulose, hemicelluloses and lignin contents were kept practically constant 

over the studied conditions (compared to raw OTP composition), with the exception of the 

sample obtained under the most severe conditions (120 ºC, 2 h) where 10.7 % lignin removal 

and solubilization of 11.1 % hemicelluloses was achieved. In literature, the same binary ES 

also enabled low hemicelluloses and lignin extraction yields from pine wood (2.7 % and 4.8 

%, respectively)32 and bamboo wood (8.5 % and 4.4 %, respectively).33,34 The reduced 

delignification performance of the alcohol-based ES and consequently low biomass matrix 

disruption, associated with the absence of an acid catalyst is a major reason to explain these 
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low lignin extraction yields. Indeed, the extraction capacity of ChCl:EG relies only on the 

partial dissolution of “others” fraction of OTP as demonstrated in Figure 2a. In this regard, 

several studies have demonstrated the capacity of ChCl:EG to extract plant low molecular 

weight secondary metabolites, such as phenolic compounds,35,36 corroborating the obtained 

results. 

On the other hand, OTP treatment with ternary ES (ChCl:pTSA:EG), at 80 °C, showed a 

continuous extraction of lignin and hemicelluloses (Figure 2b) to the liquid phase (L-ES) 

along the treatment time, enhancing cellulose content in the obtained solid (between 43.0-

62.5%; Figure S1b). With only 30 min of treatment, 51.4 % solid recovery yield was 

achieved, suggesting an effective biomass extracting capacity of ternary ES. The solid 

recovery yield decreased during treatment time to a minimum of 30.8% at the end of 4 h. 

Under the same conditions, maximum extraction yields of 62.7 %, 87.3 %, 92.5 % of lignin, 

hemicelluloses and “others” respectively were observed. Therefore, the composition of S-ES 

demonstrated that ChCl:pTSA:EG was highly selective for lignin, hemicelluloses and 

extractives removal, while preserving cellulose content in the remaining solid.32 The analysis 

of the liquid phase, discussed in the next section also supports these conclusions. 

The monosaccharide composition in the L-ES (Table S1) shows that hemicelluloses were 

extracted and hydrolyzed into xylose and arabinose at great extent during treatment with 

ternary ES. Glucose was barely produced, which means a desired low extent of cellulose 

hydrolysis during treatment. Surprisingly, sugar degradation compounds, including furfural 

and HMF, were not detected during OTP treatment with this acidic ternary ES. This suggests 

that the chemical environment provided by ChCl:pTSA:EG does not favor degradation of 

monosaccharides into corresponding furans, which is a technical advantage for the 
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subsequent valorization of both solid and liquid fractions in contrast to conventional acid-

based treatments with mineral acids (e.g. aqueous H2SO4 hydrolysis).37 

 

3.1.2. Morphology of solid fraction 

The morphology of S-ES sample obtained with the ternary ES at 80 ºC and 4 h was also 

evaluated by SEM analysis to give insights on the effectiveness of ternary ES in disrupting 

OTP matrix (Figure 3). However, superior magnifications (200x and 500x) demonstrates that 

both parts are distinct between raw OTP and S-ES. The block-shaped structure in OTP relies 

on smooth and compact cement-like structures, represented by the intricate matrix composed 

of cellulose, hemicelluloses and lignin, while the same structure in S-ES depicts exposed and 

interlaced cellulose fibers. On the other hand, the cylindrical shapes go from a highly 

compact and well-organized morphology in raw OTP into disrupted and disorganized matrix 

in S-ES, which provides gives clear evidence of the effective biomass matrix disruption 

mediated by ternary ES with consequent dissolution of biomass components (lignin, 

hemicelluloses and extractives as mentioned before), thus leaving cellulose fibers more 

accessible for enzymatic hydrolysis. 
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Figure 3. Scanning electron microscopy (SEM) images of a) raw OTP and b) S-ES fraction 

obtained after treatment with ternary ES at 80 ºC for 4 h, at different magnifications: 30x (a1 

and b1), 200x (a2 and b2) and 500x (a3 and b3). 

 

3.1.3. Enzymatic saccharification of solid fraction 

The digestibility of the S-ES sample (80 °C and 4 h) into fermentable sugars was also 

investigated. Figure 4 shows the enzymatic digestibility (YWIS) expressed as g glucan·100 g-

1 glucan in S-ES and the enzymatic hydrolysis yield (EH yield) referred to g glucan·100 g-1 

glucan in OTP. 

As expected OTP showed a very low YWIS (30.2% - gglucan·100 g-1
glucan S-ES), caused by the 

intricate matrix of the material and the presence of enzyme inhibitors, such as compounds 

associated to “others” fraction (31.3% content in OTP) and lignin as observed in SEM images 
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(Figure 3).38 The last might adsorb to enzyme surface39 or act as a physical barrier impeding 

enzymes to access cellulose fibers,40 and thus leading to low saccharification yields. 

On the other hand, S-ES presented a YWIS near 100 % (gglucan·100 g-1
glucan in S-ES), indicating 

that almost complete conversion of cellulose from the solid delignified with ternary ES at 80 

°C and 4 h was achieved. In addition, an EH yield of 81.8 % (gglucan·100 g-1
glucan OTP) was 

obtained, 63 % higher than that of untreated OTP. This result confirms that OTP fractionation 

with ternary ES produced a cellulose-rich fraction more accessible to cellulolytic enzymes. 

 

 

 

Figure 4. Enzymatic digestibility (YWIS) and enzymatic hydrolysis yield (EH yield) of OTP 

and S-ES (80 °C, 4 h). YWIS (lines) and EH yield (bars). 
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3.2. Delignification efficiency of ES and isolation of lignin 

Apart from the valorization of the cellulose-rich fraction, targeting an efficient 

delignification and subsequent isolation of lignin is required in developing biomass 

fractionation processes. In this regard, the delignification yield and subsequent lignin 

precipitation yield were evaluated for both binary and ternary ES.  

The biomass delignification yields followed the same trends observed in the discussion of 

S-ES chemical composition. The binary ES was ineffective in extracting lignin from OTP, 

since delignification yield poorly increased from 80 °C (5.36 %) to 120 ºC (10.73 %) for 2 h 

of treatment (Table S2 in SI). On the other hand, the ternary ES improved considerably the 

delignification yield with increasing extraction time up to 4 h (62.7%), reaching at the same 

period the highest lignin precipitation yield (74.6 mg lignin∙g-1 biomass) (Table 1).  

 

Table 1. Delignification yield (%) and LIG-ES (mg lignin∙g-1 biomass) mediated by the 

ChCl.pTSA:EG eutectic solvent. 

Time 

(h) 

Delignification yield 

(%) 

Isolated lignin           

(mg lignin∙g-1 biomass) 

0.5 7.4 ± 3.4 29.1 ± 0.5 

1 23.2 ± 2.3 36.3 ± 0.7 

2 48.7 ± 2.6 54.9 ± 6.5 

4 62.7 ± 1.9 74.6 ± 0.4 

6 60.1 ± 1.4 71.9 ± 1.6 

 

When contrasting to ChCl:EG, the higher OTP delignification with ChCl:pTSA:EG due to 

the presence of pTSA, which catalyzes the acidic  disrupting chemical bonds of 

lignocellulosic biomass components, and particularly ether bonds in lignin structure, ether 

bonds between lignin-polysaccharide, inducing delignification, and as an unwanted reaction 
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glycosidic bonds in polysaccharides.41 Although at different molar ratios, ChCl:pTSA:EG 

has been also explored in the delignification of other lignocellulosic biomasses, such as 

bamboo34 and switchgrass.42 For instance, at molar ratio 1:1:0.5, this ternary ES showed a 

very high bamboo delignification (71 %),34 while using switchgrass and same ES at molar 

ratio 1:1.9:0.1 approximately 91 % delignification was achieved.42 These might, be seen as 

better than those presented in this study, however, they are associated to the delignification 

of less recalcitrant starting materials (switchgrass and bamboo), and also worth mentioning 

higher temperatures were used (120 ºC in both cases). Yet, the mild temperature used in this 

work (80 ºC) is expected to become a bonus to the characteristics of extracted lignin. For 

example, by providing less condensed structures and subsequently increased number of 

functional groups to lignin macromolecular structure, which in turn, exhibits reactivity in 

subsequent valorization steps. Indeed, elucidating the structural characteristics of lignin 

provides useful information upon possible applications. This will be discussed below. 

Lignin isolated with ChCl:pTSA:EG (1:1:9) at the best delignification and precipitation 

conditions (80 °C/4 h), called as LIG-ES, was characterized by FTIR, 2D HSQC NMR, 31P 

NMR, elemental analysis, TGA and GPC. 

The FTIR spectrum of LIG-ES showed a typical fingerprint of lignin. The infrared 

vibrations matched those from native Kraft lignin as depicted in Figure 5 (total spectrum is 

shown in Figure S2). The corresponding infrared vibration assignments of lignin are 

disclosed in Table S2. For instance, and in agreement with literature,18,23 the bands at 1327 

cm-1 and 1118 cm-1 are assigned to S-type units, while the bands at 1212 cm-1 and 1031 cm-

1 indicate the presence of G-type units (Figure 5 and Table S3). The band at 1090 cm-1 

assigned to C–O stretching43 slightly appears in LIG-ES spectrum, which can be attributed 

to the increase of aliphatic hydroxyl groups.44 In addition, the region between 1650 and 1750 
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cm-1, associated to carbonyl, ketones, carboxylic and ester groups, is apparently higher for 

the LIG-ES sample, which means that other compounds from OTP (fatty acids are an 

example) might also precipitate alongside lignin. 

 

 

Figure 5. FTIR spectra (magnification of the 1850–750 cm-1 region) of LIG-ES obtained 

after extraction with ChCl:pTSA:EG at 80 ºC and 4 h, and of Kraft lignin (used for 

comparative purposes). 

 

Nevertheless, 2D HSQC and 31P NMR were also performed to support FTIR data and to 

acquire more insights into LIG-ES chemical structure. The assigned HSQC cross signals are 

depicted in Figure 6 and the corresponding assignments are described in Table S4 (SI) The 
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HSQC data showed that the most intense correlation signals in the oxygenated aliphatic 

region of the 2D HSQC NMR spectrum (around 40-110/2.7-5.1 ppm) corresponded to the 

aryl alkyl ether structures (A). From these lignin subunits, A(OH), A(OEG) and A (RCOO) 

were assigned to aryl ether structures with OH groups linked at both α and γ carbons (most 

likely from the native structure), aryl ether with grafted EG at the α carbon (reaction of lignin 

with ES) and aryl ether with esterification at γ carbon, respectively (Figure 6b and Table S4). 

Taking in consideration the intensity of signals, it can be concluded that in OTP 

delignification using ChCl:pTSA:EG enables the isolation of a lignin fraction with some 

native-like (A(OH) subunits) macromolecular features, but a major fraction was grafted with 

EG molecules from ES into lignin structure (A(OEG)). This phenomenon was also reported 

in previous studies when using EG in presence of strong acids (oxalic and 

trifluoromethanesulfonic), where it is depicted the same 13C-1H cross assignments 45,46 in the 

analysis of lignin structure. An advantage of this chemical modification is the increased 

stability of the resulting lignin macromolecular structure. For instance, the formation of 

Hibbert Ketones, favored in acidic media, might be avoided during lignin extraction, since 

the reactive benzyl carbocations are trapped with ES molecules. This enables the isolation of 

lignin with less condensed structures.45,46 Another feature of this lignin is the highly probable 

esterification of aryl ether subunits (A (RCOO) subunits), particularly with oleic acid, one of 

the most abundant long chain unsaturated fatty acids naturally present in OTP biomass 

(extractives fraction).47 Strong oleic acid signals were identified in the aliphatic region of 

LIG-ES HSQC spectrum (Figure 6a), while esterification was confirmed by 2D HMBC cross 

signals, such as oleic acid carboxylate group coupling with α carbon of aryl ether unit 

(through ester bond) as depicted in Figure 6d. Regarding to the aromatic region of the LIG-



25 

 

ES HSQC spectrum (around 95-150/5.0-8.5 ppm), the presence of G- and S-type units from 

lignin is confirmed (Figure 6c). 

 

Figure 6. 2D HSQC and HMBC NMR of LIG-ES obtained after extraction with 

ChCl:pTSA:EG at 80 ºC and 4 h. a) HSQC - aliphatic region; b) HSQC - aliphatic oxygenated 
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region; c) HSQC - aromatic region; d) HMBC showing 13C-1H cross signals between OA 

(Oleic acid) and Aγ (aryl ether - γ carbon). 

 

As mentioned before, the grafting of EG onto lignin structure decreases the occurrence of 

lignin condensation reactions.46 This is also supported by TGA analysis (Figure S3a and 

Figure S3b), since the weight loss of LIG-ES is considerably higher when compared to the 

more condensed structure of Kraft lignin over the studied temperature range, in agreement 

with previously published data.48 

On the other hand, 31P NMR analysis showed an impressive aliphatic OH content in LIG-

ES sample, much higher than that observed for Kraft lignin (5.21 and 1.90 mmol·g-1 lignin, 

respectively) (Figure 7 and Figure S4). Once more, these results are in agreement to the 

grafting of EG onto lignin structure avoiding condensation reactions (usually decreases the 

OH content). Furthermore, the carboxylic acid content is also higher in LIG-ES, which may 

be associated to the presence of free (non-esterified) oleic acid and other unsaturated fatty 

acids that fall in the same chemical shift (134.92 ppm). Additionally, a clear difference in 

phenolic OH content can be seen by contrasting LIG-ES and Kraft lignins. The very harsh 

conditions of Kraft process enable the disruption of aryl ether structures producing phenolic 

units (6.58 mmol·g-1 lignin), while the milder conditions in the ternary ES treatment favor 

the grafting of EG to the detriment of the cleavage of β-O-4 bonds (2.67 mmol·g-1 lignin of 

phenolic OH groups).  
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Figure 7. Quantitative 31P NMR spectra of LIG-ES after extraction with ChCl:pTSA:EG 

eutectic solvent (80 ºC, 4 h) and Kraft lignin derivatized with TMDP using cyclohexanol as 

the internal standard (IS). 

 

The molecular weight determination also demonstrated the benefit of protecting lignin 

macromolecules from condensation reactions with EG grafting. GPC data revealed that LIG-

ES presents a average-weight molecular weight (MW) (9167 g·mol-1), almost an order 

magnitude higher than that of Kraft lignin (1520 g·mol-1).23 However, the average-number 

molecular weight of LIG-ES was very low (1608 g·mol-1), (Table S5) resulting in a 

polydispersity index (PI) as high as 5.70, showcasing the heterogeneity of the isolated lignin 

that must be refined before application. 
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3.3. Ternary ES recovery to achieve process sustainability 

ES recovery is an essential step that helps to complete the biomass delignification process 

in a sustainable and economically profitable way following the principles of green 

chemistry.7,49 Purification steps as evaporation,7 vacuum filtration,50 freeze drying51 and solid 

phase extraction (SPE)52 have been reported for ES recovery and recycling. In the present 

study, after biomass delignification and lignin isolation steps, ternary ES was tentatively 

recovered by adsorption of impurities using a LiChroprep® RP-18 resin. As far as known, 

this setup was tested for the first time in the recovery of ES. After adsorption, around 90 % 

ES recovery yield was achieved, while the color exhibited by ES shifted from initial black to 

colorless and transparent recovered liquid, indicating an extensive removal of residual lignin 

and other impurities. The purification efficacy was further confirmed by 1H and 13C NMR 

analysis of the pristine ES, the ES submitted to process conditions without OTP biomass (80 

ºC and 4 h) and the recovered ES after adsorption. This sample rational was performed to 

elucidate upon the thermal stability of ES during delignification process, possible 

contaminations as well as deviations of molar proportions of ChCl:pTSA:EG after recovery 

step. 

Figure 8 shows the 1H NMR spectra of the three samples. No additional resonances were 

observed in the ES submitted to thermal processing at 80 ºC or to the ES recovered after OTP 

fractionation process plus adsorption method, demonstrating that neither extraction 

conditions, biomass-ES reactions nor developed adsorption method affected the chemical 

composition of the recovered ES. Similar observations can be inferred from 13C NMR spectra 

(Figure S5). Furthermore, the integration of the 1H NMR resonances of recovered ES 

demonstrated ChCl:pTSA:EG with molar ratio of 1.07:1.02:8.96, which means that the ratios 
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of ES components were practically preserved after OTP fractionation and adsorption method, 

despite the grafting of EG onto lignin structure shown before. Indeed, a very low content of 

EG is expected to be lost from ES, since the mass of extracted lignin represents 

approximately 1.25 % of ES total mass used in OTP delignification. 

 

Figure 8. 1H NMR spectra for pristine ES (after thermal heating at 80 ºC and 4 h), as well 

as recovered ES obtained after OTP fractionation (a) and adsorption (b). Images of ES before 

and after adsorption are presented. 

 

4. CONCLUSIONS 

This work disclosed a comprehensive study on the efficiency of ChCl:pTSA:EG (1:1:9) in 

the fractionation and valorization of olive tree pruning (OTP) biomass. The results obtained 
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from the characterization of both separated fractions of cellulose (S-ES) and lignin (LIG-ES) 

achieved in this study show that ternary ChCl:PTSA:EG is a promising solvent for OTP 

fractionation. The application of this ternary ES (ChCl:pTSA:EG) at 80 ºC and 4 h achieved 

the highest lignin extraction (62.7 %) and hemicellulose removal (87.3 %), allowing cellulose 

enrichment in the resulting solid (S-ES) and providing more accessibility to cellulases 

(cellulose saccharification up to 81.8 % - gglucan·100 g-1
glucan OTP). In addition, the isolated 

lignin (LIG-ES) revealed unique characteristics due to EG grafting onto lignin 

macromolecules, providing a high content of aliphatic OH groups (5.2 mmol∙g-1 lignin). This 

phenomenon provides chemical functionality to the isolated lignin that may favor its 

application as starting material for new bio-based material synthesis, nanotechnology, 

cosmetics, nutraceuticals or other specialized applications. Finally, ES can be successfully 

regenerated by applying a new and simple adsorption method capable of removing residual 

lignin and other impurities after biomass fractionation process. Forward work should rely on 

the optimization and scale-up activities of this OTP fractionation process.  

 

SUPPORTING INFORMATION 

Details on used reagents, chemical composition of solid and liquid fractions, FTIR, TGA, 

31P NMR and GPC data of LIG-ES, 13C NMR data of eutectic solvents, as well as FTIR and 

2D HSQC assignments (PDF). 
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