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A B S T R A C T

This study introduces an innovative biorefinery process aimed at maximizing the utilization of 
olive leaves. The proposed approach seeks to extract valuable phenolic compounds, lignocellu
losic material, and biomethane from olive leaves. To achieve this, a combined technique 
involving mechanochemical extraction and sustainable solvents, specifically natural deep eutectic 
solvents (NADES), was employed. Unlike conventional methods, NADES were simultaneously 
formed and utilized for extraction within a ball mill. The optimal conditions for maximum 
extraction of high-value compounds were 0.5 g of OL using 10 mL of ChCl:Gl (3:1) and 1.1 h in a 
ball mill. The recovered yields were 14.5 ± 2.9 g/kg OL of lignocellulosic fraction and 1.3 ± 0.3 g 
gallic acid eq./kg OL of phenolic compounds. OL waste generated after the optimized extraction 
process was evaluated for methane production, obtaining 142 ± 53 mL CH4/g VS OL waste 
compared to 126 ± 30 mL CH4/g VS untreated OL. Therefore, NADES represent promising sol
vents for the biorefinery process and reduce dependence on organic solvents.

1. Introduction

Olive oil production produces massive amounts of by-products, such as olive mill solid waste, mill wastewater, pits, and leaves. 
Recycling these by-products aligns with global efforts to protect the environment and convert waste into valuable resources for various 
industries, such as agriculture, chemical, textile, pharmaceutical, and food (Fernández-Prior et al., 2020). Numerous methods are 
available for repurposing olive oil by-products, most of which involve extracting and recovering bioactive components, particularly 
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phenolic compounds (Clodoveo et al., 2022). Oleuropein and its derivatives, hydroxytyrosol, and tyrosol, are the principal active 
constituents of olive leaves. These phenolic compounds can vary depending on the olive tree variety and the season. Recent research 
has confirmed their notable health benefits, including antiviral, anti-inflammatory, anticarcinogenic, antidiabetic, hypocholester
olaemia, and antihypertensive activities (Palos-Hernández et al., 2022; Talhaoui et al., 2015).

Although olive leaves contain bioactive compounds, their primary component is lignocellulosic material (Lama-Muñoz et al., 
2020). This lignocellulosic material is composed of a complex structure of cellulose (35–50%), hemicellulose (20–35%), and lignin 
(10–25%), with small amounts of other organic and non-organic compound, like pectin, proteins or lipids (Brandt et al., 2013; 
Sawatdeenarunat et al., 2015). New and innovative methods have been developed to utilize these lignocellulosic materials further. In a 
study by Reimer et al. (2021), cellulose-based biopolymers were synthesized to manufacture optical fibers, taking advantage of 
properties such as refractive index dispersion and optical transmission properties of cellulose. Hemicellulose could be used to obtain 
value-added products, such as xylitol, a polyalcohol with applications as a sweetener in sugar-free products, which is beneficial for 
people with diabetes and has anticaries properties (Umai et al., 2022).

Recently, new environmentally sustainable techniques have been employed to extract different compounds from lignocellulosic 
material using green solvents, such as deep eutectic solvents (DES) (Chen et al., 2018). A specific type of deep eutectic solvents (DES) 
derived from naturally occurring primary metabolites is known as natural deep eutectic solvents (NADES). These metabolites include 
amino acids, carboxylic acids, sugars, choline chloride, and urea (Santos-Martín et al., 2023). NADES are a field of active research due 
to their numerous advantages over traditional organic solvents (New et al., 2022). NADES are biodegradable, low-toxicity, cost-ef
fective, and easy to prepare while offering high extraction efficiency across a wide range of compounds (Santana et al., 2019). These 
attributes make DES suitable solvents for a more sustainable future characterized by a circular economy model (Benvenutti et al., 2020; 
Cortés-Triviño et al., 2022). However, the use of NADES is still relatively uncommon, and ongoing research aims to explore new types 
and broader applications for these solvents (Carbonell-Rozas et al., 2021; Ma et al., 2019). Recently, several studies have reported the 
use of NADES to extract phenolic compounds from olive leaves (Alañón et al., 2020; Mir-Cerdà et al., 2023; Ruesgas-Ramón et al., 
2017; Santos-Martín et al., 2023; Siamandoura and Tzia, 2023). However, in the study by Benvenutti et al. (2020), a NADES composed 
of citric acid, glucose, and water 1:1:3 ratio exhibited a pectin extraction yield of 27.3% from Myrciaria cauliflora. Additionally, in the 
study by Elgharbawy et al. (2019), different NADES were used to isolate pectin from grapefruit peels, resulting in yields that were 2–11 
times higher than those achieved by traditional industrial methods.

Mechanochemistry has emerged as an environmentally friendly method with various applications, including the creation of novel 
materials, enabling sustainable reactions, and extracting diverse compounds (Douard et al., 2022; Muñoz-Batista et al., 2018). A recent 
advancement in this field is mechanochemical extraction, which has exhibited excellent extraction efficiency from agro-food compared 
to conventional solvents in a short extraction time (Hajiali et al., 2022; Mǐsan et al., 2020). One option to improve the energy efficiency 
of the extraction process is to simultaneously synthesize NADES and extract lignocellulosic material from olive leaves in a ball mill. Ball 
mills are commonly used for grinding and blending various materials in industries such as mineral processing, paint manufacturing, 

Abbreviation

DPPH 2,2-Diphenyl-1-Picrylhydrazyl
AD Anaerobic Digestion
BMP Biochemical Methane Potential Test
COD Chemical Oxygen Demand
Chcl Choline Chloride
DES Deep Eutectic Solvents
F Fructose
GC Gas Chromatography
Gl Glycerol
HPLC High-Performance Liquid Chromatography
HBAs Hydrogen Bond Acceptors
HBDs Hydrogen Bond Donors
LA Lactic Acid
MS Mineral Solids
NADES Natural Deep Eutectic Solvents
OL Olive Leaves
OA Oxalic Acid
DAD Photodiode Array Detector
RP Reducing Power
TS Total Solids
TFA Trifluoroacetic Acid
U Urea
VS Volatile Solids
W Water
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ceramics, and even laboratory settings. Additionally, a research study has demonstrated that ball milling can reduce the particle size of 
cereal grains, increasing the amount of solvent-extractable phenolic compounds. This increase is attributed to the larger specific 
surface area generated by the reduction in particle size (Wang et al., 2014).

The biomass that remains after the extraction of lignocellulosic material with NADES must undergo further treatment and stabi
lization to complete the biorefinery process (Fermoso et al., 2018). One option is anaerobic digestion (AD), a process that has been 
extensively studied with a wide variety of biomasses obtained from agricultural and agro-industrial wastes (Fermoso et al., 2018). 
According to the literature, pre-treatment is usually necessary to break down and solubilize lignocellulosic material in agricultural 
waste, thus improving the subsequent AD process due to enhanced biodegradability (Millati et al., 2023; Trujillo-Reyes et al., 2022). 
Various techniques have been employed to disassemble the complex structure of lignocellulosic biomass, including mechanical 
milling, steam explosion, hot water washing, acid and alkali pre-treatments, and ammonia fiber expansion. These methods improve the 
porosity, eliminate lignin and/or hemicellulose, and reduce the overall crystallinity of the biomass structure, making it more readily 
convertible into bioenergy and biobased products through biological processes (Sawatdeenarunat et al., 2015). The impact of using 
NADES as a pre-treatment for extracting high-value compounds, followed by anaerobic digestion (AD) to stabilize organic matter 
remaining from olive leaves, has not been extensively studied. Additionally, few studies have explored the AD process with olive 
leaves, unless they are pre-treated or utilized in co-digestion (Zhang et al., 2022).

The main objective of this study was to evaluate the extraction of high-value compounds from olive leaves using mechanochemical 
extraction with NADES and improve its valorization with biomethane production from the generated biomass. Furthermore, the 
suitability of NADES as a candidate feedstock for the AD process was examined. Due to their origin from natural sources, the inte
gration of NADES has the potential to impact the degradation pathways within the AD process.

2. Experimental section

2.1. Regents

The reagents used to carry out all the experiments are:
Ammonium Hydroxide, Anhydrous citric acid, Crystalline urea, D(+)-Anhydrous Glucose, Ethanol 96%(v/v), Folin-Ciocalteu re

agent, Lactic acid, Methanol, n-Hexane, Sodium Carbonate Sodium Hydroxide, Sodium Tetraborate 10-Hydrate, Trichloroacetic acid, 
Oxalic acid 2-hydrate (PanReac AppliChem ITW Reagents, Barcelona, Spain); 1-methylimidazole, 2,2-Diphenyl-1-picrylhydrazyl, 2,2- 
Bipyridyl, 3-Hydroxybiphenyl 90%, Antrone, D(− )-Fructose, D-(+)-Galacturonic Acid Monohydrate, Dichloromethane, Inositol, 
Iron (III) chloride, Sodium Borohydride, Trifluoroacetic acid, Trolox, Gallic acid (Sigma Aldrich, Steinheim, Germany); Glacial Acetic 
Acid, Potassium Hydroxide (Scharlab, Barcelona, Spain); Choline chloride 98% (ALGRY Química S.L, Huelva, Spain); Acetic Anhydride 
(HoneyWell, Fluka, Germany); Acetone (Brenntag, Seville, Spain);Glycerin 99% (Labkem, Barcelona, Spain); Sulfuric Acid 96% (Carlo Erba 
Reagents, Barcelona, Spain).

2.2. Olive leaves

Olive leaves (OL) of the Picual variety were obtained from the olive mill at the Instituto de la Grasa (CSIC) facilities in Seville. The 
leaves were air-dried for three days before being milled in a Thermomix® TM5 (Vorwerk, Germany) to a particle size less than 1 cm. 
The OL were minced at maximum speed, i.e., 1200 rpm, for 3 min. The physicochemical characterization of the OL included the 
following parameters: total solids (TS): 810 ± 4 g/kg of OL; mineral solids (MS): 61 ± 3 g/kg of OL; volatile solids (VS): 749 ± 33 g/kg 
of OL; moisture: 19.0 ± 0.4%; total phenolic compounds: 485 ± 16 g in eq. gallic acid/kg of OL; and the lignocellulosic materials 
express in percentage on a dry weight basis: cellulose: 6,98 ± 0.13 %; hemicellulose: 5.69 ± 0.11 %, and lignin: 16,08 ± 0.69 % 
(Lama-Muñoz et al., 2020).

2.3. High-added-value compounds mechanochemical extraction

The novelty of this work consists of forming the NADES at the same time as the milling of the extractable sample is carried out 
through the mechanochemical treatment, saving the previous stage of formation of the NADES. Prior to the main experiment, a test 
was conducted to determine the optimal conditions for NADES formation, including the ratios of NADES components, processing 
durations, and milling speeds. The optimal conditions were determined to be those that resulted in a homogeneous liquid (Table S1). 
The selection of NADES was based on previous research on the extraction lignocellulosic material from various biomass sources (Ünlü, 
2021; Zurob et al., 2020). Choline chloride (ChCl) was selected as the hydrogen bond acceptor due to its low cost, extensive industrial 
use, minimal toxicity, low volatility, low melting point (remaining liquid at temperatures below 20 ◦C), broad polarity range, and 
strong solubilizing capacity for a variety of compounds (Satija et al., 2024). Oxalic acid (OA), urea (U), fructose (F), water (W), lactic 
acid (LA), and glycerol (Gl) were used as hydrogen bond donors, as they are known to form NADES when combined with ChCl. Six 
NADES were finally used along of experiment with the next molar ratio: ChCl:OA(1:1), ChCl:U(1:2), ChCl:F:W(5:2:5), ChCl:LA(1:2), 
ChCl: OA(2:1), ChCl:Gl(3:1).

The natural components used to synthesize NADES were mixed with milled OL in a 50 mL stone grinding vessel containing four 
balls of the same material measuring 1 cm in diameter. Mechanochemical extraction was performed using a planetary ball mill model 
S1(Retsch, Haan, Germany). The NADES components were mixed to produce 10 g of NADES in different molar ratios with 2.5 g of 
milled OL for 60 min at 25 ◦C in a ball mill speed of 100 rpm. Each mechanochemical extraction was performed in triplicate for each 
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NADES formulation tested.
After extracting high-added-value compounds from milled OL with the ball mill, the OL waste was separated from the extract by 

washing with distilled water, following the procedure described by Chen and Lahaye (2021) (Fig. 1). The mixture of OL waste and 
NADES was washed five times with 40 mL of distilled water. After extraction and washing, the mixture was filtered through filter paper 
(Resmas), and the filtrate was concentrated to 10 mL using vacuum rotary evaporator at 40 ◦C. The obtained extract was precipitated 
with 40 mL of 96% (v/v) ethanol to a final concentration of 77% (v/v). The precipitate was collected by centrifugation (3779×g for 20 
min) and washed three times with EtOH:H2O (70:30) and twice EtOH:Acetone (50:50). This precipitated material, referred to as the 
solid fraction, was subjected to dialysis (see section 2.5). The solid fraction was evaluated by gas chromatography to determinate 
individual neutral sugars. The solubilized extract obtained after the various washed was concentrated to 10 mL. The solubilized extract 
was evaluated for total sugars, uronic acid, total phenolic compounds (TPC), antioxidant activity, and individual phenolic compounds 
using HPLC.

2.4. Optimization of the extraction conditions by response surface methodology

A central composite design combined with response surface methodology was used to select the experimental conditions for the 
optimization of the effect of time of extraction (0.7–2.3 h), amount of milled OL (0.7–2.3 g/10 g of solvent), and types of solvent 
(traditional or green), on extraction efficiency of target compounds. Two types of solvents were tested. For classical solvents, hexane 
and methanol were selected as references for lignocellulosic material and phenolic compounds, respectively, while NADES obtained in 
the previous experiment were used as green solvents. The selection of the experimental conditions in this study was based on pre
liminary experiments (Table S1) and other studies (Jovanović et al., 2023; Santos-Martín et al., 2023; Wei et al., 2015). Two type of 
variables were selected as responses: those related to oligosaccharides from lignocellulosic material (solid fraction, total sugars, and 
uronic acids) and those related to phenolic compounds such as total phenolic compounds, antioxidant activity, reducing power and 
oleuropein and hydroxytyrosol content. The response variables were fitted to a second-order polynomial model to describe the 
relationship between the dependent and independent variables using the response surface methodology (RSM). Regression analyses 
were carried out according to Equation (1): 

Y = β0 +
∑3

i=1
βixi +

∑3

i=1
βiix2

i +
∑3

i,j=1
βijxixj Equation (1) 

where Y is the dependent variable (each of experimental response) β0, βi, βii, and βij are the regression coefficients in the intercept, 
linear, quadratic, and the interaction terms of the model, respectively, and xi and xj (i = 1, 3; j = 1, 3; i ∕= j) represent the non-coded 
independent variables. All experiments were performed in duplicate and randomized order to avoid systematic errors. Statistical 
analyses were conducted using the STATISTICA 7.0 software (StatSoft, Tulsa, OK).

The statistical validity of the models was tested by ANOVA, using the p-value to test for lack of fit and determining the coefficient of 
determination to check the quality of fit of the regression models. In addition, the desirability function method was used to predict 
single optimal extraction conditions valid for all dependent variables.

Fig. 1. Schematic representation of the High-added-value compounds obtained during mechanochemical extraction.
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2.5. Biochemical methane potential test procedure

The AD process of the untreated milled OL, OL waste generated after extracting, NADES ChCl:Gl (3:1), and microcrystalline cel
lulose (Sigma Aldrich, US), used as a positive control, was studied following the biochemical methane potential (BMP) test 

Fig. 2. Solid fraction (A), Total sugars (B) and uronic acid (C) of solubilized extract from milled OL using the ball mill with the different NADES 
studied (in brackets the ratio between each of the NADES components).

J. Cubero-Cardoso et al.                                                                                                                                                                                              Sustainable Chemistry and Pharmacy 43 (2025) 101879 

5 



methodology described by Raposo et al. (2011). Batch mode tests were performed using reactors with a total volume of 250 mL and a 
working volume of 240 mL. The reactors were placed in thermostatic baths at 35 ± 2 ◦C, with constant stirring at 400 rpm. An 
inoculum-to-substrate ratio of 2 (as volatile solid per litter) was maintained in the reactors. The anaerobic flocculant inoculum was 
obtained from a mesophilic industrial reactor in the “Copero” wastewater treatment plant in Seville. The main characteristics of the 
inoculum were pH: 7.2 ± 0.1; chemical oxygen demand (COD): 10,500 ± 400 mg O2/L; TS: 18.1 ± 0.3 g/kg; and VS: 11.0 ± 0.3 g/kg. 
Nitrogen gas was flushed into the reactors at the start of the experiments, which were then sealed with a rubber stopper to maintain 
anaerobic conditions. Triplicate reactors were performed for each substrate, to account for the inoculum’s endogenous methane 
production. The biogas generated was passed through a 2 mol/L NaOH solution to retain the CO2, and the displaced volume was 
assumed as methane. Methane production was expressed under standard pressure and temperature conditions, i.e., 25 ◦C and 1 atm. 
The biodegradability of the substrates was assessed by determining their total chemical oxygen demand (COD). It was considered that 
under standard conditions of 25 ◦C and 1 atm pressure, 382 mL of CH4/g of O2 is produced.

2.6. Physicochemical characterization

The solid fraction was subjected to dialysis against distilled water for 24 h at room temperature using cellulose membrane (Sigma 
Aldrich) of 12,000 Da. Subsequently, the dialyzed solid fraction was lyophilized using a Telstar model Lyoquest-55 lyophilizer 
(Terassa, Barcelona). The dry powder was weighed and expressed as grams of extracted material obtained per kilogram of olive leaves 
(OL).

Total sugars were analyzed using the colorimetric anthrone method described by Witham et al. (1971) using a spectrophotometer 
(BIO-RAD iMark Microplate Reader, USA). The results were expressed as grams of D-glucose per kilogram of OL. Uronic acids were 
quantified using the m-hydroxydiphenyl method, and the results were expressed as grams of galacturonic acid per kilogram of OL 
(Blumenkrantz and Asboe-Hansen, 1973).

Individual neutral sugars were analyzed in duplicate samples of solubilized fractions with and without initial TFA hydrolysis before 
reduction, acetylation, and analysis by gas chromatography (GC) (Hewlett–Packard 5890 series II), using the method described by 
Lama-Muñoz et al. (2012).

The total phenolic content was determined using the Folin-Ciocalteu spectrophotometric method and expressed as grams of gallic 
acid equivalents per kilogram of OL (Singleton and Rossi, 1965).

The antioxidant activity of the extracts was measured using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) spectrophotometric method 
(Brand-Williams et al., 1995) and expressed as milligrams of Trolox per kilogram of OL. The reducing power (RP) was expressed as 
milligrams of Trolox per kilogram of OL from the equation described by Rodríguez-Gutiérrez et al. (2019).

The sample extracts were centrifuged at 3779×g for 3 min and filtered through 0.45 μm nylon filters. Individual phenolic com
pounds were determined using a previously optimized and validated methodology using a Hewlett-Packard 1100 HPLC system 
coupled to a photodiode array detector (DAD). Briefly, the separation of phenolic compounds was performed on a Teknokroma Tracer 
Extrasil OSD2 column (5 μm, 25 mm × 0.46 mm x 2.1). The injection volume was 20 μL, and the flow rate was set at 1 mL/min. 
Separation was achieved using solvent A (Milli-Q water, pH 2.5 adjusted with 20 mM TFA) and solvent B (acetonitrile). The elution 
gradient was programmed as follows: 0–3 min, 0% B; 3–16 min, 0–12% B; 16–16.5 min, 12–16% B; 16.5–21min, 16% B; 21–25 min, 
16–20% B; 25–30 min, 20% B; 30–31 min, 20–100% B; 31–34 min, 100% B; 34–39 min, 0% B. The individual phenolic compounds 
were identified by comparing their retention times and UV/Vis spectra with those of commercial standards at a wavelength of 280 nm.

To monitor the AD process, the pH, alkalinity, total solids (TS), total volatile solids (VS), total chemical oxygen demand (CODtot), 
and soluble chemical oxygen demand (CODs) were assessed using the methods established by the American Public Health Association 

Table 1 
Glycoside composition (mg/g of solid fraction), total oligosaccharides, and glycoside composition percentage of total oligosaccharides.

mg/g ChCl:OA (1:1) ChCl:U (1:2) ChCl:LA (1:2) ChCl:OA (2:1) ChCl:Gl (3:1)

Rhamnose 1.00 ± 0.01 n.d 0.55 ± 0.02 n.d n.d
Fucose n.d n.d n.d n.d n.d
Arabinose 2.10 ± 0.05 3.28 ± 0.08 n.d 0.95 ± 0.02 1.00 ± 0.01
Xylose 3.16 ± 0.08 5.06 ± 0.13 0.61 ± 0.03 1.00 ± 0.03 0.41 ± 0.02
Mannose 1.93 ± 0.05 2.66 ± 0.07 0.63 ± 0.04 2.00 ± 0.05 0.62 ± 0.04
Galactose 3.00 ± 0.08 n.d n.d n.d n.d
Glucose 1.93 ± 0.05 2.31 ± 0.06 1.38 ± 0.2 0.80 ± 0.02 1.30 ± 0.03

Total oligosaccharides 174.9 ± 5.2 64.8 ± 2.6 134.1 ± 3.6 85.9 ± 2.15 90.8 ± 2.8

% Total oligosaccharides composition

Rhamnose 4 7 4 0 7
Fucose 1 0 9 1 1
Arabinose 18 13 28 15 11
Xylose 36 3 24 8 6
Mannose 9 4 4 12 10
Galactose 10 15 4 33 20
Glucose 22 58 26 31 44

*n.d.: not detected.
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Fig. 3. Column plots with standard deviation bars representing the total phenolic compounds (A), antioxidant activity (B) and reducing power (C).
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(APHA) (APHA, 2017).

3. Results and discussion

3.1. Study of solid fraction obtained by mechanochemical extraction process

Fig. 2A shows the data obtained from the mechanochemical extraction process, expressed as grams of solid fraction extracted per 
kilogram of OL. Using NADES ChCl:LA (1:2) and ChCl:Gl (3:1) extracted more than 12 g of solid fraction/kg OL, while the other four 
NADES studied, i.e., ChCl:OA (1:1), ChCl:U (1:2), ChCl:F:W (5:2:5), and ChCl:OA (2:1), extracted less than 5 g of solid fraction/kg OL. 
In addition, ChCl:LA (1:2) yielded 18% more solid fraction than ChCl:Gl (3:1). In a study by Chen and Lahaye (2021), the NADES ChCl: 
OA, ChCl:U, and ChCl:LA were used with a 1:2 ratio to extract pectin material from apple pulp using thermal treatment. The authors 
concluded that the NADES with the highest pectin material extraction efficiency was ChCl:LA (1:2), which is consistent with the data 
obtained in this study. Fig. 2A also shows that NADES formed from oxalic acid had a low solid fraction yield. This could be due to the 
severe hydrolysis of oligosaccharides to monosaccharides during extraction. As shown in Fig. 2A, ChCl:OA (1:2) extracted almost twice 
as much solid fraction as the same NADES with a 1:1 ratio, demonstrating that the ratio of each NADES component influences the 
amount of solid fraction extracted. Other studies have shown that the viscosity of NADES is affected by the ratios of its components, 
which in turn affects the extraction of compounds (Kaoui et al., 2023; Santos-Martín et al., 2023).

Table 1 shows the results of the study on the glycosidic composition of the solid fraction of OL extracted using a ball mill and 
NADEs. The monosaccharides are shown first, expressed as milligrams of each monosaccharide per gram of solid fraction. The total 
oligosaccharides, expressed as milligrams per gram of solid fraction after hydrolysis, and the percentage of each individual glucoside 
are then indicated. The presence of 58% glucose in the sample extracted with NADES ChCl:U (1:2) is likely due to the hydrolysis 
cellulose fibers (Palamae et al., 2017). Cellulose extraction is a complex process, and generally requires more severe methods, such as 
high temperatures and more aggressive solvents. For example, in the study by Dinh Vu et al. (2017), cellulose and lignin were extracted 
using alkaline treatment with NaOH at 90 ◦C for 1.5 h in combination with ultrasound. Other samples, such as the one extracted with 
NADES ChCl:Gl (1:1), showed a reasonably large percentage of glucose and xylose, possibly from the hydrolysis of hemicellulose 
(Pauly et al., 2013). In this study, the oligosaccharides in the hemicellulose were mainly of the xyloglucan type (Table 1), with 
galactose and arabinose also present, likely due to substitution of xylose molecules (Pauly et al., 2013). Lama-Muñoz et al. (2020)
quantified the composition of total oligosaccharides and glycoside composition in the Picual variety of olive oil, finding that it con
tained 4.1 ± 0.4 mg/g arabinose, 1.1 ± 0.1 mg/g xylose, 46.4 ± 2.3 mg/g mannose, 9.4 ± 0.3 mg/g galactose, and 73.3 ± 1.7 mg/g 
glucose.

3.2. Study of supernatant obtained by mechanochemical extraction process

Fig. 2B shows the data for total sugars in the supernatant, expressed in milligrams of glucose equivalents for each kilogram of OL. 
The NADES ChCl:OA (1:1) extracted the most monosaccharides, likely due to hydrolysis of oligosaccharides during the extraction 
process. Three NADES with higher solid fraction, ChCl:LA (1:2), ChCl:OA (2:1), and ChCl:Gl (3:1), had the lowest total sugar con
centration. These three NADES did not significantly hydrolyze of oligosaccharides to monosaccharides. NADES ChCl:F:W (5:2:5) was 
discarded because the presence of fructose in the NADES inflated the extracted sugars values, causing overlap with the other results 
(54,406 ± 320 mg of glucose eq./kg OL). Fig. 2C shows the data for uronic acids in the sample, expressed in mg of galacturonic acid 
equivalents per kilogram of OL used in the extraction. NADES ChCl:OA (1:1) and ChCl:LA (1:2) had the highest uronic acid con
centrations. Uronic acids are a component of acid carbohydrates or pectins, which are components of the lignocellulosic fraction. 
Pectins are of interest because they can be used as a gelling or thickening agent (Rodríguez-Gutiérrez et al., 2019).

Fig. 3A shows the results for total phenolic compounds in the supernatant, expressed in milligrams of gallic acid equivalents per 
kilogram of OL used in the extraction. Selectivity was observed in NADES ChCl:OA (1:1), which extracted the most total phenolic 
compounds, i.e., 1.7 mg g− 1. NADES ChCl:Gl (3:1) was the next most effective, extracting 28% less. It should also be noted that NADES 
ChCl:OA (2:1) extracted fewer than NADES ChCl:OA (1:1). In a previous study carried out by Alañón et al. (2020), NADES ChCl:OA 
(1:1) and ChCl:LA (1:2) were used to extract total phenolic compounds from olive leaves by microwave. The results were contradictory 
to those of this study, with NADES of the ChCl:LA (1:2) extracting more total phenolic compounds than NADES ChCl:OA (1:1), i.e., 
around 20 mg g− 1. Another study found high extraction yields using ultrasound-assisted extraction (UAE) with NADES ChCL:f:W 
(5:2:5) and ChCl:LA (1:2), ranging from 20 to 10 mg/g (Ünlü, 2021). Two solvents with the same molar ratio, such as ChCl:U (1:2) and 
ChCl:LA (1:2), demonstrated similar phenol extraction concentrations under identical conditions, despite the urea-based solvent 
having a higher viscosity (Sazali et al., 2023; Shekaari et al., 2017). This outcome can be attributed to the application of mechano
chemistry, which effectively enhances solubilization by overcoming the limitations imposed by the high viscosity of NADES (Santana 
et al., 2019). A different profile of individual phenolic compounds was observed in the chromatograms obtained by HPLC-UV at 280 
nm (Fig. S1). The phenolic profile obtained using the different NADES was not similar, due to the selectivity of the NADES for 
extracting specific types of phenolic compounds. Hydroxytyrosol and oleuropein were the two most abundant individual phenolic 
compounds, followed by lower concentrations of 3,4-dihydroxyphenylglycol, tyrosol, apigenin-7-O-glucoside, luteolin-7-O-glucoside, 
luteolin, and apigenin (Siamandoura and Tzia, 2023; Zurob et al., 2020).

Fig. 3B shows the antiradical activity values in the supernatant, expressed in milligrams of Trolox equivalents for each kilogram of 
OL used in the extraction. Bakirtzi et al. (2016) obtained a highly significant correlation between antiradical activity and the amount of 
total phenolic compounds extracted. They concluded that the antiradical activity of the phenolic extract depends to a certain extent on 
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the amount of total phenolic compounds present in the sample (Ünlü, 2021). The findings of this study are consistent with those of 
Bakirtzi et al. (2016), as the NADES ChCl:OA (1:1) had the highest antiradical activity and also extracted the most total phenolic 
compounds. This suggests that it has a greater ability to scavenge free radicals. The NADES made up of urea was the next most effective 
at scavenging free radicals, with 33% less activity than NADES ChCl:OA (1:1). The NADES ChCl:LA (1:2), ChCl:OA (2:1), and ChCl:Gl 
(3:1) extracted fewer total phenolic compounds and had lower antiradical activity, suggesting that heir phenolic compounds have a 
lower capacity to scavenge free radicals. Interestingly, the NADES ChCl:OA (1:1) exhibited higher free radical scavenging capacity 
than its analogue with a (2:1) ratio, despite extracting fewer total phenolic compounds, This suggests that the specific types of phenolic 

Table 2 
Regression coefficients and analysis of variance of the models obtained by response surface methodology for lignocellulosic material and phenolic 
compound extraction. The p-values for each coefficient are indicated in parentheses.

Regression coefficients Responses of lignocellulosic material

Solid fraction Total soluble sugars Uronic acids

В0 − 32864,6 − 530585 − 658881
(0.000194) (0.001367) (0.077458)

В1 644,4 10277 13005
(0.000168) (0.001370) (0.072325)

В2 − 66,9 1058 − 8136
(0,8252189 (0.857695) (0.568001)

В3 − 137,3 6312 2081
(0.611334) (0.234998) (0.869209)

В12 0,8 − 11 73
(0.799239) (0.850630) (0.603574)

В13 1,3 − 67 − 31
(0.614163) (0.187420) (0.800199)

В23 − 1 418 349
(0.883245) (0.002460) (0.258168)

В11 − 3,2 − 50 − 64
(0.000151) (0.001430) (0.068734)

В22 − 2,3 − 199 50
(0.715016) (0.120363) (0.867643)

В33 − 0,4 − 58 130
(0.940705) (0.622012) (0.644805)

Validation of the model

R2 0.514 0.582 0.277
R2

adj 0.358 0.448 0.045
p-value (model) 0.007 0.001 0.337
p-value (lack of fit) 0.1344 0.003 0.000

Regression coefficients Responses of phenolic compound

Total phenolic compound Antiradical activity Reducing power Oleuropein Hydroxytyrosol

В0 ¡1367558 164966.9 ¡764282 ¡13223.4 − 1327.02
(0.018298) (0.039764) (0.000470) (0.012135) (0.767108)

В1 27329 ¡2891.7 14906 260.8 27.62
(0.0215240) (0.050526) (0.000438) (0.010868) (0.750368)

В2 − 14032 − 6206.8 − 7109 − 232.4 − 114.79
(0.516925) (0.047435) (0.355281) (0.231696) (0.514378)

В3 − 21756 − 11378.0 4700 93.8 67.44
(0.262265) (0.000289) (0.490557) (0.582079) (0.666049)

В12 149 63.7 77 2.3 1.14
(0.482813) (0.038809) (0.305358) (0.222671) (0.510892)

В13 191 108.1 − 43 − 1.2 − 0.73
(0.303746) (0.000317) (0.510424) (0.464136) (0.624499)

В23 425 37.4 − 87 2.6 − 0.34
(0.363093) (0.561359) (0.596057) (0.527453) (0.928130)

В11 ¡136 12.5 ¡73 ¡1.3 − 0.14
(0.012948) (0.050698) (0.000416) (0.010072) (0.737459)

В22 − 685 − 128.6 − 243 − 4.2 − 0.40
(0.141943) (0.052239) (0.140507) (0.303873) (0.915215)

В33 377 38.9 − 73 4.9 2.18
(0.381604) (0.512409) (0.630342) (0.204855) (0.531900)

Validation of the model

R2 0.584 0.725 0.682 0.715 0.180
R2

adj 0.450 0.637 0.580 0.642 0
p-value (model) 0.008 0.0000 0.035 0.0000 0.721
p-value (lack of fit) 0.00004 0.004 0.455 0.497 0.984
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compounds extracted by NADES ChCl:OA (1:1) are more effective at scavenging free radicals.
Fig. 3C shows the reducing power data for the supernatant, expressed in milligrams of Trolox equivalents for each kilogram of OL 

used in the extraction. NADES ChCl:U (1:2) had the highest reducing power, despite having one of the highest values for total phenolic 
compounds and antiradical activity. This suggests that the phenolic compounds extracted by this solvent have a greater capacity to 
donate electrons or act as proton acceptors than those extracted with the other solvents, which had lower and very similar values 
among them. Ivanović et al. (2022) investigated the impact of NADES on the reducing power of phenolic compound extracts. They 
found that NADES containing lactic acid exhibited the highest reducing power values, while ChCl:U (2:1) had the highest values in this 
study.

3.3. Optimization of the extraction conditions using an experimental design

As shown previously, the extraction of lignocellulosic material and phenolic compounds depends on influencing different factors. 
Therefore, an experimental central composite design was used to optimize the process. A series of 19 assays were performed in 

Fig. 4. Response surface plots for the phenolic compounds (A) and oligosaccharides from lignocellulosic material (B).
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duplicate (Tables S2 and S3), considering these three factors: type of solvent (X1) used (ChCl:AO (2:1), ChCl:LA (1:2), ChCl:Gl (3:1), 
hexane, and MeoH 80%), the extraction time (X2), and the amount of OL (X3). For this purpose, the response variables studied were the 
extracted amounts of lignocellulosic material, total soluble, sugars and uronic acids, on the one hand, and the contents of total phenolic 
compounds, hydroxytyrosol, oleuropein, antiradical activity and reducing power, on the other.

The results were then fitted to a second-order polynomial model (equation (1)). The corresponding regression coefficients 
describing the quantitative relationship between dependent variables and factors are shown in Table 2. ANOVA assessed the statistical 
validity of these models through the regression and lack of fit F tests. Statistical analysis showed that the proposed models were 
adequate and showed statistically valid fitness (p < 0.05 for the regression F test) except for hydroxytyrosol and uronic acids and non- 
significant lack of fit (p > 0.05) for reducing power, oleuropin and hydroxytyrosol content and extracted lignocellulosic material. 
Additionally, the coefficient of determination (R2) and adjusted determination coefficient (R2

adj) were also used to provide additional 
confirmation of the statistical validity of the model fit (López-Carbón et al., 2019). The values obtained showed that, in most cases, the 
multiple linear regression models could explain more than 50% of the variability of the data.

The significance of each coefficient of regression was also determined by using ANOVA. As can be observed in Tables 2 and S2, 
according to results from Fisher tests the value of all dependent variables, except hydroxytyrosol and uronic acids, were significantly 
affected by the type of solvent (linear and quadratic effect). Furthermore, an interaction effect between solvent and amount of OL (1x2) 
and between time and amount of OL (1x3) was also found for antioxidant activity and total soluble sugars, respectively.

In order to simultaneously maximize the extraction of both types of compounds, a desirability function approach was finally 
applied. This method transforms each response variable to give a desirability value proportional to the priority given to the response 
variable. The three-dimensional surface plots and contour plots were drawn to highlight the effects of the independent variables on the 
desirability function. The response surface analysis shows the optimal values of the different factors considered in the experimentation 
(Fig. 4). From these three-dimensional graphs, it is possible to deduce the direction in which to move to find the maximum value of 
each factor and, therefore, the optimal value. The plot of Fig. 4 shows the effect of all pairs of independent variables on overall response 
desirability obtained for the variables related to phenolic compounds (A) and lignocellulosic material (B). As can be observed, the type 
of solvent at the middle level produces the most desirable response on these dependent variables. Moreover, based on this graph. 
Keeping the solvent constant ChCl:Gl (3:1). a maximum point can be observed at the middle level of extraction time and the low 
amount of OL. The optimization process suggests that the use of NADES is more effective than organic solvents like methanol and 
hexane in extracting the desired compounds (Li et al., 2023). After applying the desirability function method, the optimal conditions 
for the extraction of lignocellulosic material and phenolic compounds from olive leaves using a mechanical procedure based on a ball 
mill were the following; extract 0.5 g of OL using 10 mL of a green solvent based on ChCl:Gl (3:1) and prolonging the extraction for 1.1 
h in ball mill. Under these specified conditions, this technique has successfully extracted hydroxytyrosol, a relevant phenolic com
pound in current studies, widely studied for its antioxidant and beneficial properties for human health, having cardio and neuro
protective effects, among other properties positive (Zurob et al., 2020). The presence of hydroxytyrosol can also be observed, a 
catechol derived from oleuropein, which acts as an excellent natural antioxidant and can be found in olives or olive oil (Erkoç et al., 
2003).

3.4. Anaerobic digestibility study

To assess the treatment effect using a BMP test, the anaerobic biodegradability of untreated OL and OL waste was evaluated. OL 
waste was generated by extraction with NADES and ball mills under the optimal conditions, i.e., 0.5 g of OL, 10 mL of ChCl:Gl (3:1), 
and prolonging the extraction for 1.1 h. The biodegradability of the NADES used in the extraction was also evaluated to determine the 

Fig. 5. Cumulative specific methane production (mL CH4/g VS) to cellulose, untreated OL, ChCl:Gl (3:1), and OL waste generated after extracting 
the lignocellulosic material with NADES ChCl:Gl (3:1) and ball mill.
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influence of its component biodegradability on the bonds formed in the NADES.
The cumulative specific methane production (mL CH4/g VS) during the experimental time is shown in Fig. 5. Cellulose biodeg

radation showed a methane yield coefficient of 300 ± 22 mL CH4/g VS (Fig. 5 and Table 3). Cellulose has often served as a positive 
control substrate in BMP test, consistent with findings from previous research (Raposo et al., 2020). These studies have reported 
methane yield coefficient values within a similar range, with a theoretical production of 414 mL CH4/g VS (Garcia et al., 2019; Hafner 
et al., 2020). NADES ChCl:Gl (3:1) produced 417 ± 20 mL CH4/g VS, which is 109 ± 5% of biodegradability due to the natural 
compound feasibility of the degradation. This methane production confirmed that the new bond formed in the NADES synthesis did not 
affect its biodegradability. Untreated OL showed a cumulative specific methane production of 126 ± 30 mL CH4/g VS, which is 22 ±
5% of biodegradability (Fig. 5 and Table 3). This methane production is similar to that reported for other wastes generated in the olive 
oil industry, such as olive mill solid waste, whose methane production ranges between 154 and 415 mL CH4/g VS (Serrano et al., 
2021).

Extraction of lignocellulosic material from OL did not significantly affect methane production. The methane production obtained 
for OL waste generated after extraction was 142 ± 53 mL CH4/g VS, which represents 24 ± 9% of biodegradability, an increase of 13% 
compared to untreated OL (Fig. 5 and Table 3). This increase may be due to the solubilization and hydrolysis of the OL caused by the 
combined effect of the ball mill and the ChCl:Gl (3:1) solvent, as seen in the optimization sections. Similar results have been reported 
for other biomass with high lignocellulosic material content. For example, ball milling of raspberry extrudate to solubilize the organic 
matter significantly increased methane production from 18 to 236 mL CH4/g VS (Trujillo-Reyes et al., 2022). Similarly, sugarcane 
leaves were subjected to a similar pre-treatment process, using deep eutectic solvent derived from a mixture of ChCl and Mono
ethanolamine (MEA) to remove lignin and enhance the biodegradation of the leaves via fermentation, producing hydrogen and 
methane in two steps (Miftah et al., 2022).

Despite the pre-treatment effect, the AD processes were stable, whit pH values within the optimal range for methanogenic activity, 
i.e., 6.5–8.5, and alkalinity concentrations less than 1000 mg CaCO3/L for all tested substrates, which is lower than recommended 
value in the literature (Table 2) (Trujillo-Reyes et al., 2023a). Non-biodegradable organic matter in OL waste is also shown in 32 % VS 
and 9% COD, with a concentration higher than cellulose. Volatile fatty acids were not detected in the final effluent of any of the 
substrates studied, using the method described by Trujillo-Reyes et al. (2023b). These results suggest that the remaining organic matter 
is difficult to degrade into simpler compounds and that a stronger pre-treatment is needed to solubilize it. Additionally, continuous 
research on mechanochemistry has shown a notable rise in scientific and patent output, pointing to efforts to industrialize this method 
for various applications (Reynes et al., 2023). A prominent example is its use in the mining industry, where the ball mill technique 
holds significant economic and operational importance in managing mineral processing plants (Tohry et al., 2020). Future studies 
should focus on lowering the production costs of the NADES components, since these components are present in several agro-industrial 
by-products, these by-products should be used as raw material for their production, and the use of these components not in pure form 
but in cheaper extracts should be studied. The regeneration of NADES should also be studied so that they can be used many times, 
substantially reducing their costs (Yiin et al., 2024).

4. Conclusions

The efficient utilization of olive leaves (OL) through innovative and sustainable biorefinery approaches could convert these wastes 
into high-value products, reduce their accumulation and disposal, and mitigate adverse environmental problems. Mechanochemical 
extraction, which combines the extraction process and NADES formation in a single step, is a promising and cost-effective novel 
technique. Among the various NADES tested, ChCl:Gl (3:1) proved to be the optimal solvent for extracting phenolic compounds and 
lignocellulosic material. The following conditions achieved the maximum yield of high-value compounds: 0.5 g of milled OL, 10 mL of 
ChCl:Gl (3:1) and 1.1 h of extraction in a ball mill. This resulted in the production of 14.5 ± 2.9 g of solid fraction and 1.3 ± 0.3 g of 
gallic acid equivalent per kilogram of OL. The OL waste generated after the extraction was tested for methane production using BMP 
test. It produced a similar amount of methane to untreated OL, i.e., 142 ± 53 mL CH4/g VS. Thus, the proposed biorefinery scheme has 
the potential to enhance the production of phenolic compounds, lignocellulosic material, and biomethane. NADES represent promising 
solvents for reducing dependence on organic solvents. However, further research is required to fully understand and address the 
current limitations of NADES, particularly concerning their industrial applicability. Therefore, reusing and saturating these NADES, 
studying new formulations, or seeking synergies with other treatments could help reduce the solvent-to-feedstock ratio.

Table 3 
Analytical characterization of effluents from the AD process at the end of the BMP tests with their standard deviations.

Untreated OL OL waste ChCl:Gl (3:1) Cellulose

pH ​ 6.9 ± 0.1 6.9 ± 0.1 6.9 ± 0.1 6.7 ± 0.1
Alkalinity mg CaCO3/L 943 ± 36 928 ± 26 867 ± 19 802 ± 15
TS mg/kg 4400 ± 1319 3804 ± 73 3038 ± 39 3010 ± 147
VS mg/kg 2317 ± 147 2685 ± 195 1964 ± 89 1823 ± 192
CODs mg O2/L 203 ± 118 139 ± 59 116 ± 32 126 ± 35
Phenolic compounds mg gallic acid/L 36.0 ± 0.1 32.8 ± 1.3 29.9 ± 0.5 30.6 ± 1.8
Methane production mL CH4/g VS 126 ± 30 142 ± 53 417 ± 20 300 ± 22
Biodegradability (COD) % 22 ± 5 24 ± 9 109 ± 5 79 ± 6
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Raposo, F., Fernández-Cegrí, V., De la Rubia, M.A., Borja, R., Béline, F., Cavinato, C., Demirer, G., Fernández, B., Fernández-Polanco, M., Frigon, J.C., Ganesh, R., 
Kaparaju, P., Koubova, J., Méndez, R., Menin, G., Peene, A., Scherer, P., Torrijos, M., Uellendahl, H., Wierinck, I., de Wilde, V., 2011. Biochemical methane 
potential (BMP) of solid organic substrates: evaluation of anaerobic biodegradability using data from an international interlaboratory study. J. Chem. Technol. 
Biotechnol. 86, 1088–1098. https://doi.org/10.1002/jctb.2622.

Reimer, M., Van Opdenbosch, D., Zollfrank, C., 2021. Fabrication of cellulose-based biopolymer optical fibers and their theoretical attenuation limit. 
Biomacromolecules 22, 3297–3312. https://doi.org/10.1021/acs.biomac.1c00398.

Reynes, J.F., Isoni, V., García, F., 2023. Tinkering with mechanochemical tools for scale up. Angew. Chemie Int. Ed. 62, e202300819. https://doi.org/10.1002/ 
ANIE.202300819.

Rodríguez-Gutiérrez, G., Cubero Cardoso, J., Rubio-Senent, F., Serrano, A., Borja, R., Fernández-Bolaños, J., Fermoso, F.G., 2019. Thermally-treated strawberry 
extrudate: a rich source of antioxidant phenols and sugars. Innov. Food Sci. Emerg. Technol. 51, 186–193. https://doi.org/10.1016/j.ifset.2018.05.017.

Ruesgas-Ramón, M., Figueroa-Espinoza, M.C., Durand, E., 2017. Application of deep eutectic solvents (DES) for phenolic compounds extraction: overview, challenges, 
and opportunities. J. Agric. Food Chem. 65, 3591–3601. https://doi.org/10.1021/acs.jafc.7b01054.
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Santos-Martín, M., Cubero-Cardoso, J., González-Domínguez, R., Cortés-Triviño, E., Sayago, A., Urbano, J., Fernández-Recamales, Á., 2023. Ultrasound-assisted 
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