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A B S T R A C T

This study highlights the efficiency of using coupled pretreatments to fractionate Paulownia wood (PW) into 
separated streams of high-added value products, including hemicelluloses, lignin, phenolic compounds, bio
ethanol, succinic acid, and cellulose nanocrystals (CNCs), following a green biorefinery approach. The sequential 
process began with a hydrothermal treatment (at 203 ◦C under non-isothermal regime), enabling the solubili
zation of the hemicellulosic fraction and achieving a high recovery of xylooligosaccharides (66.5 %). Subse
quently, deep eutectic solvents (DES) were applied, resulting in a cellulose-enriched solid (81 %) and high-purity 
lignin recovery (85 %) under optimized conditions (130 ◦C, 1 h, choline chloride:lactic acid, 1:9 molar ratio, 8 
mL/g liquid-to-solid ratio). The DES treatment also yielded a lignin-free black liquor rich in residual carbohy
drates and phenolic compounds (2.70 g/100 g initial PW). The autohydrolyzed and DES-delignified PW was then 
subjected to three different types of valorizations: (i) bioethanol production, reaching 41.79 g/L (80 % yield), (ii) 
succinic acid production, achieving 32.02 g/L (0.76 g of succinic acid per g of glucose), and (iii) CNCs with an 
average aspect ratio of 17.71 (length: 90–558 nm, width: 11–23 nm), demonstrating the potential of coupling 
hydrothermal and DES pretreatments to produce high-value products from lignocellulosic biomass.

1. Introduction

The growing global requirement for renewable energy sources and 
sustainable materials that replace conventional fossil resources has 
driven significant research into the valorization of lignocellulosic 
biomass (LB) [1]. Thus, the use of LB is promoted as raw material for 
efficient biotechnological processes, such as biorefineries [2]. Among 
the various types of biomasses, Paulownia sp., a hardwood genus native 
to China, has been widely planted in several countries owing to its rapid 
growth, high biomass production, and ability to thrive in a diversity of 
soil and climatical conditions [3,4]. Besides, Paulownia wood (PW) is 
rich in cellulose, hemicelluloses and lignin, making it an outstanding 
raw material for manufacturing other products [4,5] like bioethanol or 
succinic acid. However, the efficient conversion of PW into these 
products requires effective pretreatment to surpass the recalcitrance of 

its lignocellulosic structure [6] since lignin acts as a shield against 
chemical and enzymatic attacks [7].

Despite being a copious and renewable resource, lignocellulosic 
biomass holds great potential to produce biochemicals and biofuels [8], 
its conversion into these products generally involves several key steps: 
pretreatment, hydrolysis, fermentation, and product recovery [9,10]. 
Pretreatment is, therefore, a crucial step for the valorization of LB, and it 
enhances the accessibility of cellulose and hemicelluloses for enzymatic 
hydrolysis by disrupting the complex lignin-carbohydrate matrix [11].

Traditional pretreatment methods are well understood and function 
appropriately but many, such as acid hydrolysis, often require harsh 
conditions and can provoke the formation of inhibitory by-products that 
affect downstream processes [12,13]. Hereby, the development of effi
cient and sustainable methods to pretreat lignocellulosic biomass that 
can substitute or complement traditional ones is essential for the 
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economic feasibility of many industrial processes such as the production 
of biofuels and biochemicals, while addressing environmental concerns 
and reducing dependence on fossil-based resources [14]. In this sense, 
deep eutectic solvents (DES) have gained attention as a novel class of 
green solvents with potential applications in biomass pretreatment [15].

DES are formed by the complexation of a hydrogen bond donor 
(HBD) and a hydrogen bond acceptor (HBA), obtaining a eutectic 
mixture with a melting point significantly lower than that of its indi
vidual components [16]. DES pose several advantages when compared 
to conventional solvents, such as low toxicity, biodegradability, and 
adjustable physicochemical properties [17,18]. Another significant 
benefit is the possibility of recovering these solvents, which would 
further reduce process costs. One of the most common techniques for 
DES recycling is the anti-solvent precipitation method, which consists of 
adding an anti-solvent (such as water, acetone, or ethanol) to the DES 
solution, inducing the precipitation of the target components [19]. 
These features make DES attractive for the selective fractionation of 
lignocellulosic biomass into its constituent components [18].

Among the diverse type of DES, those based on choline chloride 
(ChCl) and natural carboxylic acids, such as lactic acid, have shown 
promise for biomass fractionation due to their ability to solubilize lignin 
and hemicellulose while maintaining the cellulose unaltered [20,21]. 
This capability not only reduces energy requirements, and the envi
ronmental impact compared to conventional methods [18] but also fa
cilitates the production of diverse value-added products.

However, it is worthy to note that despite the use of DES alone has 
shown great potential for LB pretreatment, their combination with other 
methods could offer a synergistic approach to an even more efficient 
fractionation [6,22]. For example, the use of DES could benefit from a 
previous autohydrolysis (AH) of the LB. AH is a method that involves the 
sole use of water at high temperature and pressure to chemically break 
down the hemicelluloses fraction of biomass into its constituent sugars, 
solubilizing it and disrupting the lignin structure [23]. This integrated 
approach can benefit from both strategies, enabling the efficient sepa
ration of biomass components but also facilitates their valorization into 
high-value products. For example, lignin and hemicellulose derivatives 
obtained through these processes can be utilized to produce bioactive 
compounds with functional properties [24], while the preserved cellu
lose can be converted into cellulose nanocrystals (CNCs) [25], a material 
with applications in composite reinforcements, packaging, and 
biomedical fields. Additionally, fermentable sugars can be bio- 
transformed into bioethanol, a renewable energy source for trans
portation and power, or into succinic acid, a versatile precursor for 
biodegradable polymers, food additives, and pharmaceuticals [26,27].

This study explores the use of DES for the delignification of auto
hydrolyzed PW, a critical step to enhance enzymatic susceptibility and 
recover high-value lignin derivatives as co-products [28]. By integrating 
autohydrolysis and DES delignification, this work establishes a frame
work for efficiently fractionating lignocellulosic biomass into hemi
celluloses, bioethanol, succinic acid, CNCs, and lignin. These findings 
aim to contribute to the advancement of multiproduct biorefineries, 
paving the way for scalable and sustainable solutions to biomass 
valorization.

2. Materials and methods

2.1. Reagents

The following reagents, assumed to be pure unless otherwise noted, 
were utilized: acetic acid (96 %), formic acid, lactic acid (90 %), glyc
erol, ethanol, ethylene glycol, sulfuric acid (72 % and 98 %), disodium 
hydrogen phosphate, and dimethyl sulfoxide, all sourced from Carlo 
Erba; arabinose, glucose, xylose, and sodium chlorite obtained from 
Panreac; furfural, hydroxymethylfurfural, levulinic acid, and Trolox 
provided by Acros Organics; choline chloride acquired from Alfa Aesar; 
citric acid and sodium chloride supplied by Scharlau; thymol and Brain 

Heart Infusion (BHI) medium from VWR; sodium hydroxide from 
ThermoScientific; peptone from Labkem; yeast extract from Cultimed; 
sodium citrate, heavy magnesium carbonate, and gallic acid from 
Sigma-Aldrich; cysteine from TCI; and ethyl acetate from Supelco.

The enzymes employed included Cellic-CTec2 (Novozymes). The 
microorganisms used were (i) a commercial strain developed by Fer
mentis S.L. Lesaffre for the ethanol production sector Saccharomyces 
cerevisiae Ethanol Red®, and (ii) Actinobacillus succinogenes (DSM 
22257), supplied by the German Collection of Microorganisms and Cell 
Cultures GmbH (DSMZ).

2.2. Raw material and chemical characterization

The wood of Paulownia elongata x fortunei was sourced from a local 
supplier, Maderas Álvarez Oroza S.L., located in the Northwest of Spain. 
This wood underwent a process of stripping, air drying, and was then 
ground to achieve particle sizes smaller than 8 mm with Retsch SM 300 
equipment. The resulting particles were kept in plastic bags at room 
temperature, in conditions of darkness and dryness to maintain their 
integrity.

The milled wood was prepared to ensure adequate carbohydrate 
hydrolysis [29] and was subjected to analyses to determine moisture 
content [30], ethanol-based extractives [31], and ash content [32]. The 
extractive-free PW, milled to a particle size of <1 mm, was subjected to 
quantitative acid hydrolysis to quantify its polymeric content [33]. The 
solid fraction obtained was used to determine Klason lignin (acid- 
insoluble lignin), while the hydrolyzed fraction was assessed for 
monosaccharide content using HPLC. This was performed on an Agilent 
1200 series, equipped with a Rezex ROA-Organic acid H+ column 
(Phenomenex) maintained at 60 ◦C, a refractive index detector at 40 ◦C, 
and a mobile phase of 3 mM H2SO4 at 0.6 mL/min. Additionally, uronic 
acids were quantified following the method developed by Blumenkrantz 
et al. [34]. Protein content was measured using the Kjeldahl method, 
with a correction factor of 6.25 applied for lignocellulosic materials 
based on the nitrogen content [35]. All experiments were conducted in 
triplicate to ensure accurate results.

Following these procedures, the chemical composition of the un
treated PW, expressed on a dry basis as g of component per 100 g of raw 
material, resulted as follows: 42.27 ± 0.14 g of glucan, 17.32 ± 0.02 g of 
xylan, 0.82 ± 0.00 g of arabinan, 3.71 ± 0.36 g of acetyl groups, 20.70 
± 0.57 g of Klason lignin, 5.12 ± 0.04 of ethanol-based extractives, 0.40 
± 0.01 of ashes, 1.25 ± 0.01 of proteins and 6.56 ± 0.10 of uronic acids 
measured as galacturonic acid equivalents.

2.3. Autohydrolysis of PW

For the autohydrolysis treatment, PW and distilled water were 
combined in a pressurized Büchiglasuster versoclave of 1.6 L reactor 
able to control and measure the temperature. It is also equipped with an 
external fabric mantel to heat the media and internal water flow to cool 
it. The assay was performed, founded on a previous study by the authors 
[5], using a LSR of 6 mL/g, at 203 ◦C under non-isothermal regime and 
500 rpm. The harshness of the pretreatment corresponds to a severity 
(S0) of 3.98, defined by the following equation: 

S0 = log
(∫

exp
(

T(t) − 100
14.75

)

⋅dt
)

(1) 

where S0 is the severity, T(t) is the temperature on the heating and 
cooling stages, 100 ◦C is the reference temperature, and 14.75 ◦C is the 
common value for the empiric parameter concerning activation energy.

The resulting autohydrolyzed Paulownia wood (labelled as AH-PW) 
was chemically characterized using previously stated NREL analytical 
protocols for polymeric content (see Section 2.2). Following that pro
cedure, the chemical composition of the AH-PW, expressed on a dry 
basis as g of component per 100 g of PW, resulted as follows: 41.86 ±
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0.14 g of glucan, 3.92 ± 0.04 g of xylan, 0.67 ± 0.10 g of acetyl groups, 
23.72 ± 0.14 g of Klason lignin. The arabinan was totally solubilized 
during this process.

2.4. Deep eutectic solvents (DES) synthesis and delignification procedure

The deep eutectic solvents (DES) used were synthesized based on the 
procedure outlined by Martín et al. [36], with some modifications. The 
process involved combining a hydrogen bond acceptor (HBA), specif
ically choline chloride in all cases, with a hydrogen bond donor (HBD), 
such as various carboxylic acids and alcohols. These solvents were then 
stirred magnetically and warmed to approximately 80 ◦C for 2 h to 
ensure entire homogenization. The mixtures were composed of choline 
chloride as HBD, and lactic acid, glycerol, ethylene glycol, formic acid or 
acetic acid as HBA, evaluating molar ratios (HBD:HBA) from 1:2 to 1:9.

Regarding the delignification procedure, AH-PW and the selected 
DES were mixed at a selected liquid-to-solid ratio (LSR) (8 to 15 mL/g) 
and heated to a set temperature (110 to130 ◦C) during a certain resi
dence time (0.5 to 2 h), evaluating different DES molar ratio (1:2 to 1:9). 
The effectiveness on the removal of lignin was optimized using a one- 
factor-at-a-time (OFAT) approach, which involves systematically vary
ing a single parameter while maintaining all other parameters constant, 
as previously determined, to assess their individual impacts on the 
process. After treatment, the solid and liquid fractions were separated 
using vacuum filtration.

The solid fraction was collected and washed with warm 50 % (v/v) 
ethanol followed by sodium hydroxide (evaluating from 0.1 % to 1 % w/ 
w) to prevent lignin precipitation and remove any residual DES, before 
washing with distilled water and labelled as AH + DES-PW.

Both the liquid hydrolysate and the pretreated biomass were stored 
at 4 ◦C and analyzed. The pretreated biomass was analyzed following the 
procedures detailed in Section 2.2. The liquid hydrolysate (which lignin 
was prior precipitated as stated in Section 2.8) was analyzed by direct 
injection into an HPLC system for monomer quantification, in addition 
to being subjected to acid post-hydrolysis with 4 % H2SO4 for 20 min at 
121 ◦C before HPLC injection to quantify oligomers content. Addition
ally, the acid-soluble lignin content of the hydrolysate was determined 
by measuring the absorbance of the resultant liquor at 240 nm using a 
ONDA UV-20 spectrophotometer after appropriate dilution [37].

2.5. Bioethanol production

2.5.1. Microorganism and inoculum preparation
The strain Saccharomyces cerevisiae Ethanol Red® was used for 

ethanol fermentation. The yeast was cultured at 30 ◦C with shaking at 
200 rpm for 24 h in a sterile medium containing 20 g/L peptone, 20 g/L 
glucose, and 10 g/L yeast extract. After incubation, the yeast cells were 
collected by centrifugation at 4000 rpm (4200 ×g) for 10 min using a 
Hettich Rotixa 50 S centrifuge. The harvested cells were diluted in a 0.9 
% NaCl to achieve a final approximately 8 g of fresh S. cerevisiae/L, 
equivalent to around 1.5 g/L of dry S. cerevisiae.

2.5.2. Pre-saccharification and simultaneous saccharification and 
fermentation (PSSF)

After the optimization of delignification parameters, AH-PW treated 
under optimal variables (and sterilized at 121 ◦C for 15 min) was sub
jected to Pre-saccharification and simultaneous saccharification and 
fermentation (PSSF) assays. The tests comprised the use of Cellic CTec2 
(116 FPU/mL of final activity measured by Filter Paper Assay [38]) at a 
cellulase to substrate ratio (CSR) of 20 FPU per g of dry solid, setting a 
controlled temperature of incubation of 50 ◦C at 160 rpm of agitation for 
72 h within the enzymatic hydrolysis stage, using LSR ranging 8 and 10 
mL/g. The glucose manufacture was assessed as glucose concentration 
(g/L) and as glucan to glucose conversion (GGC) percentage using Eq. 
(2): 

GGC (%) =
(Glucoset − Glucoset0)

Gn
100⋅180

162⋅ ρ
LSR+1− KL

100

(2) 

In this equation, Glucoset and Glucoset0 represent the glucose con
centration (g/L) at time (t) and initial time. Gn denotes the g of glucan 
per 100 g of pretreated PW, 180/162 is the glucan hydration upon hy
drolysis (based on stoichiometry), ρ is the medium's density (fixed at 
1005 g/L), LSR indicates the liquid-to-solid ratio (mL/g), and KL cor
responds to the g of Klason lignin per 100 g pretreated solid.

Upon saccharification completion, the fermentation stage 
commenced using S. cerevisiae at 35 ◦C under 120 rpm of agitation. A 
nutrient solution was added to the medium, resulting in final concen
trations of 20 g/L peptone and 10 g/L yeast extract. Samples were 
withdrawn at selected times, centrifuged at 15,000 rpm (22,000 ×g) and 
the supernatant was injected into HPLC to quantify glucose and ethanol. 
All experiments were conducted in two replicates.

Ethanol production was expressed in both concentration (g/L) and 
yield percentage using Eq. (3): 

Ethanol yield (%) =
(EtOHt − EtOHt0)

0.51⋅ Gn
100⋅180

162⋅ ρ
LSR+1− KL

100

(3) 

where EtOHt and EtOHt0 denote the ethanol concentration in g/L at time 
(t) and at the initial time, respectively. The factor 0.51 accounts for the 
stoichiometric conversion of glucose to ethanol, with other parameters 
defined as in Eq. (1).

2.6. Succinic acid (SA) production

2.6.1. Microorganism and inoculum preparation
The strain Actinobacillus succinogenes (DSM number 22257), supplied 

by the German Collection of Microorganisms and Cell Cultures GmbH, 
was selected based on other succinic production articles [39,40]. 
A. succinogenes was maintained in 3.5 g/L Brain Heart Infusion (BHI) 
medium:glycerol (1:1 v/v) at − 80 ◦C. The composition of BHI medium 
was: 17.5 g/L of brain heart infusion solids, 10.0 g/L of peptone, 2.0 g/L 
of glucose, 5.0 g/L of sodium chloride and 2.5 g/L of disodium hydrogen 
phosphate. For inoculum preparation, the strain was cultivated in bot
tles previously purged with N2 for 20 min with BHI medium at 37 ◦C and 
200 rpm for 20 h.

2.6.2. Separate hydrolysis and fermentation (SHF)
First, the PW hydrolysates were prepared through enzymatic hy

drolysis. The saccharification of AH + DES-PW was performed in as 
explained in Section 2.5.2. Upon completion, the reaction mixture was 
centrifuged under sterile conditions, the solid was discarded, and the 
hydrolysate was preserved at a temperature of − 18 ◦C for further 
fermentation. The fermentation assays were conducted in 100 mL bot
tles with a working volume of 50 mL. The PW hydrolysate was mixed 
with magnesium carbonate salt added at 100 % w/w of the carbon 
source to act as a pH buffer and CO2 source. The medium was also 
supplemented with nutrient concentrate, inoculated with A. succinogenes 
at 10 % v/v, and cysteine was added as a reducer to reinforce anaero
biosis. The fermentation was carried out under anaerobic conditions at 
37 ◦C and 180 rpm for 72 h [40,41] The nutrient formulation, in g/L in 
the final medium, was: 5 g/L sodium chloride, 2.5 g/L sodium dihy
drogen phosphate, and 10 g/L peptone.

2.7. Cellulose nanocrystal (CNC) production

The method used to produce cellulose nanocrystals (CNCs) was an 
adaptation of Morales et al. [42] and Barbosa et al. [43], consisting of a 
bleaching treatment followed by acid hydrolysis. In the bleaching stage, 
5 g of AH + DES-PW were mixed with 160 mL of distilled water, 1 mL of 
acetic acid, and 5.2 mL of sodium chlorite (25 %). The mixture was 
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stirred continuously on a thermostatic stirrer plate at 75 ◦C for 2 h. The 
bleached material was vacuum filtered, washed with distilled water 
until neutral pH, and dried at 50 ◦C.

In the acid hydrolysis stage, the dried bleached pulp was treated with 
50 % sulfuric acid at LSR of 15 mL/g. The reaction was carried out in an 
ultrasonic bath at 60 ◦C for 1 h. Afterward, the reaction was stopped by 
adding distilled water, and the mixture was vacuum filtered. The solid 
phase, corresponding to cellulose nanocrystals (CNCs), was washed with 
distilled water until neutral pH and dried at 50 ◦C.

To confirm the presence of CNCs, the material was resuspended in 
water at a 1:10 weight ratio and sonicated. For Atomic Force Microscopy 
(AFM) analysis, the CNC suspension was deposited onto a mica sub
strate, dried, and analyzed using a Veeco's Multimode 8 Nanoscope in 
peak force tapping mode.

2.8. Lignin isolation and characterization

Following the selection of optimal conditions to delignify AH-PW, 
the resulting black liquor was treated with acidified water using sulfu
ric acid (pH = 2) at a volume ratio of 3:1 (acidified water to black li
quor). This mixture was mixed for 15 min and refrigerated at 4 ◦C 
overnight. The obtained lignin was vacuum filtered, carefully washed 
with distilled water, and dried completely at a temperature of 50 ◦C in 
an oven. The lignin's purity was assessed through quantitative acid hy
drolysis, as explained in Section 2.2.

Characterization of the lignin was conducted using Fourier- 
Transform Infrared (FTIR) Spectroscopy on a PerkinElmer Spectrum 
100 spectrometer with an attenuated total reflectance (ATR) accessory. 
Measurements included eight scans per sample over a spectral range of 
4000–650 cm− 1.

Proton Nuclear Magnetic Resonance (1H NMR) spectroscopy of the 
extracted lignin was conducted at 25 ◦C using a Bruker Neo 400 spec
trometer operating at 400 MHz, with the lignin dissolved in dimethyl 
sulfoxide (DMSO).

The thermal behavior of the lignin was analyzed using a Perkin 
Elmer TGA 4000. Samples were subjected to heating up to 800 ◦C using a 
rate of 10 ◦C/min under a nitrogen flow of 20 mL/min.

2.9. Influence of the lignin precipitation over the black liquors' total 
phenolic content and antioxidant capacity

The black liquor obtained at optimized conditions for DES deligni
fication of AH-PW was analyzed for antioxidant capacity using DPPH, 
ABTS, and FRAP assays, both before and after lignin precipitation.

Antioxidant capacity was evaluated through DPPH, ABTS, and FRAP 
assays, and trolox was used as the standard equivalent. All the methods 
are based on the originals developed by Brand-Williams [44], Re et al. 
[45] and Benzie & Strain [46], respectively.

2.10. Determination of phenolic profile in DES black liquor post-lignin 
precipitation

Phenolic compounds were extracted from the DES black liquor using 
ethyl acetate in a 1:1 ratio. This mixture was magnetically stirred for 15 
min at room temperature and then allowed to settle in a separatory 
funnel. The ethyl acetate phase was collected, and the extraction process 
was repeated two more times under identical conditions. The ethyl ac
etate collected from all three extractions was removed by rotary evap
oration at 40 ◦C, and the resulting matter was dissolved in methanol and 
injected into HPLC equipped with an AB SCIEX Triple Quad 3500 de
tector (AB Sciex, Foster City, USA) with an electrospray ionization (ESI) 
source using a Luna C18 column (Phenomenex) as stated in an earlier 
work by the authors [47].

2.11. Statistical and mathematical methods

Results from DES screening underwent statistical analysis using R 
(version 4.1.0). Significant differences among samples were identified 
through a one-way ANOVA with Tukey's post hoc test, considering p <
0.05 as the threshold for significance.

3. Results and discussion

3.1. Autohydrolysis pretreatment of Paulownia wood

The autohydrolysis of Paulownia wood was conducted at 203 ◦C with 
a LSR of 6 mL/g, yielding a solid fraction of 74.26 %. This process 
effectively targeted the solubilization of hemicellulosic fractions (see 
Table 1), with xylooligosaccharides (XOs) as the primary product, 
resulting in a recovery of 11.51 g per 100 g of initial PW, which corre
sponds to 67 % of the original xylan content. Comparable studies in the 
field have demonstrated similar efficiencies, showing consistent poten
tial across different lignocellulosic feedstocks to selectively isolate 
hemicellulose-derived oligosaccharides. For instance, a two-stage 
autohydrolysis of Paulownia under optimized conditions achieved an 
85 % xylan conversion, producing high yields of xylose in the liquid 

Table 1 
Phenolic content, antioxidant capacity and phenolic and carbohydrate profiles 
of autohydrolysis liquor (230 ◦C, LSR = 6 mL/g) and black liquor (ChCl:LA (1:9), 
130 ◦C, 1 h, LSR = 8 mL/g) before and after precipitation, of Paulownia wood.

Autohydrolysis 
liquor

Black 
liquor

Black liquor after 
lignin 
precipitation

Phenolic content and antioxidant capacity (mg equivalents/g initial PW)

DPPH (mg TE/g) 6.61 ± 0.70
77.44 ±
5.97 13.54 ± 0.36

ABTS (mg TE/g) 10.77 ± 0.89 67.85 ±
1.81

12.32 ± 0.32

FRAP (mg TE/g) 51.94 ± 039 272.62 
± 0.67

71.62 ± 2.17

Phenolic profile (μg/g initial PW)
3,4-dihydroxibenzoic acid 13.57 – 1767.24
4-hydroxybenzoic acid 0.37 – 86.20
Caffeine 0.02 – –
Epicatechin 0.21 – –
Ethylvanilline 0.08 – –
Ferulic acid 3.95 – 51.62
Gallic acid 0.14 – 7.86
Luteolin 0.02 – 59.97
Naringenin 0.02 – –
p-coumaric acid 0.77 – 34.76
p-hydroxybenzaldehyde – – 67.08
Phthalic acid – – 148.64
Quercetin 0.03 – –
Salycilic acid 0.07 – –
Syringaldehyde 56.20 – 44,651.82
Syringic acid 4.28 – 1124.14
Theobromine 2.14 – –
Vanillic acid 5.70 – 1553.44
Vanillin 88.92 – 29,015.62

Monomers and oligomers content (g/100 g initial PW)
Glucose 1.15 – 0.57
Xylose 2.16 – 0.58
Arabinose 0.29 – 0.00
Acetic acid 0.70 – 0.00
Hydroxymethylfurfural 0.00 – 0.07
Furfural 0.00 – 0.39
Glucooligosaccharides 1.41 ± 0.02 – 0.50 ± 0.08
Xylooligosaccharides 11.51 ± 0.02 – 0.54 ± 0.01
Arabinooligosaccharides 0.26 ± 0.01 – 0.00 ± 0.00
Acetyl groups linked to 

oligosaccharides
2.40 ± 0.04 – 2.49 ± 0.06
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phase [48] and other hardwoods like beech [49] reported up to 65 % 
XOs recovery from xylan content under hydrothermal pretreatment.

The removal of acetyl groups (AGs) is notable after the autohy
drolysis, with 2.40 g/100 g of initial PW, which results in a recovery rate 
of 65 %. These data are consistent with other works. For example, a 
study carried out by Neto et al. [50] using Eucalyptus wood achieved a 
removal of acetyl groups ranging from 54 to 90 % in the mildest and 
harshest conditions evaluated, respectively.

On the other hand, in the autohydrolysis processing, the recovery of 
glucooligosaccharides (GOs) is always lower than AGs and XOs [51] 
and, in this case, it was quantified at 1.41 g/100 g of initial PW, cor
responding to a 3.34 % recovery. This performance is consistent with 
studies on other lignocellulosic compounds like the one performed by 
Torrado et al. [52], in which the recovery of GOs from the autohy
drolysis pine nut shells accounted for 5 % of the total oligosaccharides 
produced, which is significantly lower than the primary product, XOs 
(95 %).

Regarding the phenolic profile of the AH-PW liquor observed in 
Table 1, it presented antioxidant capacities measured at 6.61 mg TE/g 
for DPPH, 10.77 mg TE/g for ABTS, and 51.94 mg TE/g for FRAP. These 
values suggest some bioactive potential for applications in antioxidant 
supplementation, food preservation, or polymer stabilization. Among 
the number of compounds found, the most prominent were vanillin 
(88.92 μg/g) and syringaldehyde (56.20 μg/g), with lower proportions 
of compounds like 3,4-dihydroxybenzoic acid (13.57 μg/g) and ferulic 
acid (3.95 μg/g), all known for their bioactive properties [53–55].

These results align with findings from hydrothermal treatments on 
other woods. For instance, Eucalyptus globulus [56] and Robinia pseu
doacacia [57] have also yielded notable amounts of vanillin, gallic acid, 
p-coumaric acid, p-hydroxybenzoic acid and quercetin, all of them pre
sent in the AH-PW liquor of this study.

In summary, the phenolic composition and antioxidant activity of the 
AH liquor underscore its potential for high-value applications. The se
lective release of key phenolics through autohydrolysis offers a practical 
and sustainable route for valorizing wood biomass in biorefinery con
texts, with promising applications across health-related industries.

3.2. Deep eutectic solvents (DES) screening

To evaluate the effectiveness of DES treatments on AH-PW, five DES 
were tested (see Section 2.4). In all cases, ChCl was used as the HBA, 
combined with different HBD including 3 carboxylic acids (formic, 

acetic, and lactic acid) and 2 alcohols (glycerol, and ethylene glycol) at a 
molar ratio of 1:2. The treatment conditions were fixed at 120 ◦C for 60 
min at LSR of 15 mL/g.

Fig. 1 presents the recovery or removal of the main constituents of 
AH + DES-PW (glucan, hemicelluloses, and lignin), as well as the solid 
yield obtained from each DES treatment. Solid yield provides an 
important measure of efficiency of the treatment. For DES composed of 
lactic acid (LA), a solid yield of 72.13 % was achieved, which was similar 
to that from DES formed by formic acid (71.29 %) or acetic acid (73.53 
%). In contrast, the DES formulated with glycerol and ethylene glycol 
gave the highest solid yields at 88.54 % and 87.21 %, respectively, 
reflecting their lower effectiveness in biomass breakdown.

Glucan recovery, which is crucial for subsequent biomass biocon
version applications, was consistently high across all DES treatments, 
ranging from 95 % to almost 100 %.

Hemicelluloses solubilization showed little variation regarding the 
DES composed of alcohols (glycerol and ethylene glycol), whereas a 
slightly higher solubilization was reached for DES synthesized with 
carboxylic acids. In spite of this, the hemicelluloses were already highly 
solubilized in the previous pretreatment (autohydrolysis), so the 
remaining fraction is residual.

However, in terms of delignification, the DES formed by LA and 
formic acid performed particularly well, achieving delignification ratios 
of 68 % and 72 %, respectively. On the other hand, delignification with 
DES synthesized with glycerol and ethylene glycol did not surpass 30 %.

Taking into account the previous results, DES composed of lactic acid 
and formic acid presented the most positive performances with the 
highest delignification ratios, retaining the great majority of glucan in 
the solid fraction (>96 % regarding initial values). Apart from their 
performance, cost is another critical factor in selecting the optimal DES 
for efficiency purposes. Among the most economical options, ChCl:LA 
(1:2) is priced at 1.80 €/kg using reagents from an industrial supplier 
(AliBaba) and 35.00 €/kg from a laboratory supplier (Sigma Aldrich), 
whereas formic acid DES costs 2.01 €/kg (industrial supplier) and 44.33 
€/kg (laboratory supplier) [47]. Thus, ChCl:LA (1:2) DES is approxi
mately 10–21 % cheaper than that composed of formic acid, providing a 
significant economic advantage without compromising efficiency.

Furthermore, prior studies have shown the suitability of LA-based 
DES for the delignification of various lignocellulosic biomasses, 
demonstrating both high efficiency and economic viability. For instance, 
in a study on spruce wood delignification, an ChCl:LA DES achieved 
significant lignin removal (around 90 %), enabling efficient lignin 

Fig. 1. Recovered solid fraction and polysaccharides and lignin removal with various DES (120 ◦C for 60 min). Abbreviations: AcH - acetic acid; ChCl - choline 
chloride; EtGOH - ethylene glycol; FoH - formic acid; GOH - glycerol; LA - lactic acid. Different letters indicate statistically significant differences at p < 0.05.
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recovery while preserving other valuable biomass components [58]. 
Similarly, for mosso bamboo, this DES formulation removed an 
impressive 94.39 % of lignin, effectively isolating cellulose and allowing 
the production of nanocellulose, which highlights the broad applica
bility of this DES in lignocellulosic processing [59].

These previous findings along with its performance (high delignifi
cation, coupled with minimal glucan loss) and low cost support the use 
of ChCl:LA DES for further optimization of delignification process of AH- 
PW presented in this study.

3.3. Effect of ChCl:LA DES on the fractionation of AH-PW

After selecting the DES composed of ChCl:LA for the subsequent 
experiments, different variables (namely reaction temperature, reaction 
time, molar ratio of the DES and LSR) were studied following the one- 
factor-at-a-time (OFAT) method. The selected conditions studied and 
the results of the 12 runs can be consulted in Table 2.

Throughout the first 3 experiments, the factor studied was the tem
perature, varying between 110 and 130 ◦C, while maintaining the time 
(1 h), molar ratio (1:2) and LSR (15 mL/g) invariable. The effect of the 
treatment is reflected in the yield of the solid phase, i.e., the increase of 
temperature (up to 130 ◦C) promoted the solubilization of components, 
whereas a lower reaction temperature (110 ◦C) exhibited an inferior 
liberation of said components. In this case, the cellulosic fraction varied 
in a narrow range of 41.37–42.08 g glucan/100 g initial PW, which 
corresponds to practically quantitative glucan recovery regarding values 
from initial PW. Similarly, the hemicelluloses were also minimally 
affected by this treatment, for instance, only up to 22 % of the remaining 
xylan after autohydrolysis was solubilized. On the other hand, the most 
affected component was lignin, reaching delignification ratios 
(regarding initial lignin values) of 61 % at the mildest condition (110 ◦C) 
and up to 84 % at the harshest condition (130 ◦C). Considering the 
previous results, the highest temperature was selected for the subse
quent runs. Other authors using DES for delignification processes found 
similar tendencies. For instance, a study conducted on microwave- 
autohydrolyzed Robinia pseudoacacia wood using ChCl:LA resulted in 
up to 18 % more lignin solubilization when using 130 ◦C rather than 
110 ◦C [60]. Similar results were found after processing cassava residue 
with ternary DES (ChCl:LA:citric acid, 1:10:1), increasing the lignin 
removal from 23 % at 70 ◦C up to 91 % at 130 ◦C (reaction time to 3 h) 
[61]. In addition, other authors reported comparable delignification 
rates, achieving up to 72 % of lignin removal from poplar wood while 
using ChCl:LA at a temperature of 120 ◦C for a duration of 3 h [62].

It is, however, noteworthy to say that some authors have investigated 
higher temperatures, yielding different outcomes. For instance, a study 
conducted by [63], in which delignification was evaluated at three 
different temperatures (60, 115, and 150 ◦C) using agro-industrial food 
waste resulted in the highest production of fermentable sugars at 115 ◦C 
rather than at the highest temperature. In contrast, [64] found that when 
delignifying Acacia wood using various NaDES the highest lignin 
extraction yielded at elevated temperatures (140 ◦C). However, they 
also found that further temperature increases rendered the process un
suitable for lignin recovery due to the formation of a black, foam-like 
mixture, likely caused by the degradation of DES components and 
their crosslinking with the biomass. Therefore, future studies could 
consider evaluating the effect of increasing the selected temperature to 
further enhance the delignification performance, although 130 ◦C is 
considered a safe and effective temperature for lignin removal in 
lignocellulosic biomass.

The following experiments performed (runs 3–6) enabled to 
comprehend the effect of the reaction time (varying between 0.5 and 2 
h) on the solubilization of the polymers of AH-PW. Firstly, the increase 
on the treatment's reaction time thoroughly affected the solid yield, 
decreasing to values of around 68 % at residence times higher than 1 h, 
but with little variation if compared with longer periods (1.5 or 2 h). 
This is also reflected in the solubilization of the polymers, for instance, 
glucan was maintained in values higher than 96 % in all cases. 
Regarding the xylan, higher reaction times enabled to solubilize almost 
40 % of the remaining xylan after autohydrolysis, whereas the deligni
fication ratio was similar (84–85 %) for reaction times equal or larger 
than 1 h and lower (72 %) for reaction time of 0.5 h. In this sense, the 
reaction time was set at 1 h since it was the minimum necessary time to 
reach high delignification ratios without a great removal of the glucan. 
Similarly, Pradhan et al. [65] processed barley straw with ChCl:oxalic 
acid (2:1) by ultrasonication (25 kHz), reaching higher removal of lignin 
(86 %) and hemicelluloses (87 %) when rising the reaction time from 3 
to 5 h at 80 ◦C.

The molar ratio was the next studied variable (runs 3 and 7 to 10), 
with increasing values from 1:2 to 1:9. In this case, the solid yield was 
similar (67–69 %) for all the runs. The cellulosic fraction was retained in 
the solid with almost quantitative values, while the xylan solubilization 
reached values of around 40 % when using molar ratios higher than 1:3. 
Meanwhile, the removal of lignin was increased at molar ratios or 1:5, 
1:7 and 1:9, reaching values of around 90 %. All this, added to the lessen 
in the price of DES when the amount of lactic acid increases [47], 
resulted in the molar ratio of 1:9 being chosen as optimal. This effect was 

Table 2 
Treatment yield and chemical characterization of the solid phase after sequential autohydrolysis and delignification with DES studying different variables using an 
OFAT method.

Run 1 2 3 4 5 6 7 8 9 10 11 12

Reaction temperature 
(◦C)

110 120 130 130 130 130 130 130 130 130 130 130

Reaction time (h) 1 1 1 0.5 1.5 2 1 1 1 1 1 1
Molar ratio 1:2 1:2 1:2 1:2 1:2 1:2 1:3 1:5 1:7 1:9 1:9 1:9
LSR (mL/g) 15 15 15 15 15 15 15 15 15 15 8 11.5
Solid yield (g/100 g 

autohydrolyzed PW) 79.57 72.13 68.71 70.30 68.43 69.38 67.49 68.04 67.23 66.93 69.47 70.77

Solid phase (g/100 g initial PW)

Glucan
41.76 ±
0.24

41.37 ±
0.09

42.08 ±
0.34

40.98 ±
0.39

41.51 ±
0.87

40.71 ±
0.14

41.46 ±
0.23

42.57 ±
0.13

41.53 ±
0.13

41.42 ±
0.06

41.73 ±
0.16

42.11 ±
0.19

Xylan 3.70 ±
0.10

3.29 ±
0.06

3.04 ±
0.06

2.74 ±
0.04

2.57 ±
0.09

2.40 ±
0.02

2.44 ±
0.08

2.37 ±
0.04

2.31 ±
0.04

2.32 ±
0.01

2.22 ±
0.10

2.25 ±
0.02

Arabinan
0.52 ±
0.02

0.75 ±
0.05

0.35 ±
0.07

0.15 ±
0.01

0.14 ±
0.01

0.19 ±
0.02

0.08 ±
0.07

0.08 ±
0.07

0.28 ±
0.05

0.12 ±
0.01

0.00 ±
0.00

0.00 ±
0.00

Acetyl groups
0.73 ±
0.07

0.40 ±
0.03

0.52 ±
0.11

0.45 ±
0.06

0.40 ±
0.09

0.39 ±
0.05

0.25 ±
0.03

0.22 ±
0.03

0.18 ±
0.02

0.19 ±
0.03

0.17 ±
0.03

0.18 ±
0.01

Klason lignin
8.09 ±
0.57

6.71 ±
0.12

3.38 ±
0.54

5.87 ±
0.26

3.18 ±
0.10

3.39 ±
0.01

2.78 ±
0.14

2.16 ±
0.09

2.24 ±
0.03

2.00 ±
0.07

2.31 ±
0.24

3.19 ±
0.04
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also studied by Li et al. [66] on willow, increasing the delignification 
ratio up to 67 % when utilizing a molar ratio of 1:10 with ChCl:LA. 
Similarly, almost the double delignification ratio (61 %) was acquired by 
Tan et al. [67] when processing oil palm empty fruit bunch with ChChl: 
LA (1:15) rather than 1:1.

Finally, the relationship between DES and solid employed (LSR) was 
assessed since the use of the minimum necessary amount of DES would 
imply a drastic reduction in the price of the process [68]. For that 
reason, LSR of 8 and 11.5 mL/g were evaluated. In this regard, very 
similar results were obtained for runs 10, 11 and 12 reaching higher 
cellulose recovery than 98 %, delignification ratio of 85–90 % and 
hemicelluloses removal of 57–59 % and a measure. Considering these 
results, the lower LSR (implying the use of less amount of DES) was 
selected as optimal. Summarizing, after processing AH-PW with ChCl: 
LA, the optimized values for the variables were: temperature of 130 ◦C, 
reaction time of 1 h, molar ratio of 1:9 and LSR of 8 mL/g.

3.4. Hydrolysis and fermentation strategies for bioethanol and succinic 
acid production

The enzymatic digestibility of AH + DES-PW under optimized con
ditions was evaluated, testing different NaOH concentrations to wash 
the solid and increase its enzymatic susceptibility (see Fig. 1S). A con
centration of 0.1 % NaOH was enough to reach almost quantitative 
glucan to glucose conversions, as already stated previously by the au
thors [47].

The production of bioethanol was conducted proposing an 
enzymatic-fermentation scheme which envisages the study of two 
distinct LSR (8 and 10 g liquid/g AH + DES-PW) and the addition of 
commercial nutrients at 20 g/L of yeast extract and 10 g/L of peptone, as 
observed in previous studies. The results obtained are presented in 
Fig. 2a. After 72 h of enzymatic hydrolysis, the achieved glucose con
centration was 62.0 g/L and 78.5 g/L glucose for LSR 10 and 8, 
respectively. At that time, the yeast was inoculated, and the ethanol 
reached its maximum value at fermentation times of 6 to 9 h, with a 
concentration value of 32.63 g/L (77 % yield) at an LSR of 10 mL/g and 
41.79 g/L (80 % yield) at an LSR of 8 mL/g.

The results demonstrated a slight improvement in comparison to 
those observed in similar studies utilizing alternative feedstock. For 
instance, banana peel waste treated with ChCl:urea (1:2) achieved an 
ethanol efficiency of 59.2 % [69]. Conversely, Yadav et al. [70], adopted 
a pre-treatment scheme involving the raw material (cocoa pod husks) 
and a combination of microwave (600 W) and the DES CHCl:citric acid 
(1:2), resulting in a 67.17 % ethanol yield at 72 h. However, the results 
achieved in this work are analogous to those obtained in a previous 

study by Rodríguez-Rebelo et al. [47] on the same feedstock (Paulownia 
wood) with direct delignification with DES (ChCl:LA, 1:9), where up to 
43.61 g ethanol/L (89.7 % of ethanol yield) were obtained at LSR 8 mL/ 
g. Similarly, the work carried out by Jose et al. [71] with Napier grass, 
where a yield of 0.335 g/g was obtained following a one-pot fermen
tation scheme that permitted continuous exposure of the biomass to DES 
(ChCl:urea (1:2)). Furthermore, the study conducted with the same raw 
material only pretreated by autohydrolysis by Domínguez et al. [72] 
reported significantly lower ethanol concentrations compared to those 
observed in the present study, with a severity factor close to 4.19, 
yielding over 16 g/L of ethanol using SSF and around 24 g/L using SHF 
processes. This finding further highlights the crucial role of the com
bined action of the two pretreatments applied in this work.

On the other hand, the production of succinic acid (SA) was also 
explored using the cellulosic-rich substrate of AH + DES-PW and the 
results are exhibited in Fig. 2b. The hydrolysis of the process was set at 
48 h and 72 h. Specifically, GGC after 48 h and 72 h of saccharification 
reached 78 % (33.10 g/L) and 99 % (42.07 g/L), respectively. Regarding 
the fermentation process, similar values of SA were obtained, reaching 
up to 29.64 and 32.02 g of SA/L, which yielded 0.90 and 0.76 g of SA/g 
of glucose, respectively. Regarding the generation of co-products, FoH 
yielded up to 0.12–0.13 g/g of glucose in both strategies, whereas AcH 
yielded up to 0.22 (7.28 g/L) and 0.38 (15.85 g/L) g/g of glucose at final 
time of the fermentation in SHF using 48 and 72 h of saccharification 
respectively. The higher production of AcH may explain the lower yield 
on SA production in the SHF strategy which set the enzymatic hydrolysis 
at 72 h. Even so, the low concentration of FoH, which is stated as the 
main inhibitor [40], does not affect the fermentation, since the pro
duction of all SA, AcH and FoH yielded 1.25 g/g of glucose using either 
of the strategies. Additionally, the productivity of SA attained 0.41–0.44 
g/(L*h).

Analogously, Filippi et al. [73] developed a biorefinery to process 
grape pomaces and stalks with ChCl:LA (1:10) for 2 hat 100 ◦C, sub
mitting the spent solid to SA production. From a glucose-rich hydroly
sate (62.9 g/L), up to 36 g SA/L, with a yield of 0.62 g SA/g of total 
sugars was obtained, with a simultaneous production of 5.8 g acetic acid 
/L and 2.6 g formic acid/L after 55 h of fermentation. Additionally, a 
similar yield of SA was obtained by Niglio et al. [74] who reached up to 
0.84 g SA/g of glucose, although lasting 140 h of fermentation to ach
ieve a concentration of 20.8 g/L with a productivity of 0.15 g/(L*h).

3.5. Characterization of cellulose nanocrystals-CNC by AFM

Besides producing different biotechnological products like bio
ethanol and succinic acid, the cellulose-rich fraction of AH + DES-PW 

Fig. 2. Hydrolysis and fermentation time course of AH + DES-PW at optimized conditions for (a) bioethanol production using PSSF strategy and LSR of 10 and 8 mL/ 
g, and (b) succinic acid production using PSSF and SHF strategies and LSR of 20 mL/g.
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was subjected to further processing to produce precursors for bio
materials synthesis. In this context, cellulose nanocrystals (CNC) were 
analyzed by AFM, and one of the images obtained is displayed in Fig. 3. 
It exhibits elongated structures with rod-shape morphology, and the 
measured dimensions are length ranging 90–558 nm, width (diameter) 
between 11 and 23 nm, and height ranging 1.506 to 9.557 nm, which 
may correspond to an individual nanocrystal and to a piling and ac
cretion of multiple nanocrystals, respectively. The small size and high 
specific surface area of the crystals may be the cause of forming aggre
gations owing to the generation of Van der Walls and hydrogen bonds 
among them [75].

Another important factor to be considered on CNC regarding their 
application is the aspect ratio (length/diameter). Specifically, the cur
rent study obtained an average aspect ratio of 17.71, which is signifi
cantly higher than that obtained for other feedstock like Linum 
usitatissimum with a value of 6.06 [76] or walnut shells with 10.77 [77]. 
On the other hand, other study by the authors reached values of up to 
41.21 [60] when using autohydrolyzed and DES-delignified Robinia 
wood. As a general trend, CNC presenting higher aspect ratios than 10 
are deemed as potential material to be used as reinforcing agent, for 
instance for polymer-based films synthesis [75].

3.6. Lignin characterization

After the processing of PW-AH with DES at optimal conditions, the 
lignin was precipitated by mixing the black liquor with a water/sulfuric 
acid solution to reach a pH of 2 and submitted to further characteriza
tion. The purity of the sample was determined by quantitative acid 
hydrolysis as stated in a previous section, reaching a value of 85.29 % 
(accounted as Klason lignin) with small amounts of polysaccharides, 
specifically 1.61 % of glucan and 0.33 % of xylan. Similar lignin purities 
(84–88 %) were obtained by other authors in analogous processes 
[47,62]. The acid-soluble lignin remaining in the black liquor accounted 
for 1.41 ± 0.04 g per 100 g of initial PW.

The different analysis carried out on lignin can be consulted in Fig. 4. 
The 1H NMR spectrum of lignin is depicted in Fig. 4a. The analysis re
veals chemical shifts indicative of aliphatic -CH2 and -CH3 groups at δH 
values of 1.2, 1.1, and 9.9 ppm. Furthermore, the peaks at δH 3.4 and 3.7 

ppm are attributed to methoxy groups, while only a small amount of 
aromatic hydrogen is detected within the range of 6.4–7.4 ppm [78].

To get more information, the 2D HSQC spectra was obtained and is 
illustrated in Fig. 4b. The sample predominantly displayed signals in the 
aliphatic‑oxygenated and aromatic/unsaturated regions, specifically 
within the ranges of δC/δH 50–90/2.6–5.2 ppm and δC/δH 100–125/ 
6.0–7.3 ppm. In the aliphatic‑oxygenated region, a prominent signal 
corresponding to methoxyl groups (OMe, δC/δH 56/3.7 ppm) was 
observed, alongside signals indicative of resinol (Bβ, δC/δH 56/3.7 ppm 
and Bγ, 70/4.1 ppm) and phenylcoumaran (Cγ,61/3.7 ppm) linkages. 
Additionally, signals associated with β-O-4 ether bonds were detected in 
this region (A regions corresponding to Aγ 60/3.3 ppm, Aα 69–73/ 
4.8–4.9 ppm, Aβ(S) 88/4.3 ppm) [79–82]. In the aromatic section of the 
spectra, signals related to guaiacyl (G) and syringyl (S) units were pre
sent; however, hydroxyphenyl (H) units were absent. This observation 
aligns with findings from Domínguez et al. [82], who reported only trace 
amounts of H-units in the milled wood lignin derived from Paulownia 
wood. No signals attributed to carbohydrates, such as acetylated xylo
pyranoside at δC/δH 100/4.5, were also noted, indicating a high purity 
level of lignin. The limited presence of carbohydrates, coupled with 
reduced signals for G2 and G6 compared to G5, suggested a lower degree 
of lignin condensation overall. These results are in accordance with the 
obtained results by the authors when processing Paulownia wood 
(without the hemicellulosic extraction by autohydrolysis) with DES 
[47].

The FTIR spectra of obtained lignin can be observed in Fig. 4c. The 
bands observed between 1450 and 1600 and 1000–1300 cm− 1 can be 
ascribed to the C–O stretching and aromatic skeletal vibrations of lignin 
and the stretching of C–O in ester groups and deformation of C–O for 
secondary alcohol and aliphatic esters [83–85]. Moreover, the band at 
4000 cm− 1 may be ascribed to the stretching vibration of hydroxy 
groups [86,87]. Additionally, the presence of guaiacyl and syringyl (that 
were already observed in HSQC spectra) can be noted due to the 
breathing in C–O stretching and the C–H deformation, corresponding 
to 1213 and 1269 cm− 1 for the former and 813, 1114, 1320 cm− 1 for the 
latter [83,87].

The lignin was also submitted to TGA to assess its thermic stability, 
while the derivative of TGA (DTG) was also determined (see Fig. 4d). A 
small peak can be observed in DTG plot at a lower temperature than 
100 ◦C which may correspond to the removal of remaining water in the 
sample (<5 % of the total weight) [88]. Around 280 ◦C, the degradation 
of residual polysaccharides, namely glucan and xylan, may take place as 
observed by the reduction of around 15 % of the total weight, whereas 
the greater peak at 380 ◦C may reflect the thermal decomposition of 
lignin. However, the curves generated during each phase can be viewed 
as the simultaneous breakdown of multiple compounds [89]. At 800 ◦C, 
the lignin maintained 34.5 % of the total mass which may correspond to 
the inorganic matter, perceiving a positive thermic stability that can be 
comparable to other lignins in the bibliography [90,91].

3.7. Chemical characterization of liquor after lignin precipitation

The phenolic content and antioxidant capacity of the black liquor, 
before and after the precipitation of lignin, were also evaluated and can 
be consulted in Table 1. After lignin precipitation, there is a general 
decrease antioxidant capacity in the remaining liquor.

Regarding antioxidant capacity, all DPPH, ABTS and FRAP assays 
showed a major decreasing in antioxidant capacity with values dropping 
from 77.44 mg TE/g to 13.54 mg TE/g, 67.85 to 12.32 ± 0.32 mg TE/g, 
and 272.67 to 71.62 mg TE/g, respectively. These values would there
fore tend to indicate that even with the removal of lignin by precipita
tion, there was still some antioxidant capacity present in the liquor.

Assuming this, the phenolic profile of the black liquor (after lignin 
precipitation) was carried out and can be observed in Table 1. Among 
them, syringaldehyde and vanillin appeared in higher concentrations: 
44651.82 μg/g and 29,015.62 μg/g, respectively. Other major phenolics Fig. 3. AFM topographic 2D image of PW CNC.
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Fig. 4. Characterization of lignin obtained after DES-delignification of PW-AH at selected conditions (temperature-130 ◦C, reaction time-1 h, molar ratio-1:9 and 
LSR-8 mL/g), comprising: (a) 1H NMR, (b) 2D HSQC, (c) FTIR, and (d) TGA.

Fig. 5. Mass balance of the multiproduct processing of Paulownia wood via autohydrolysis followed by DES-delignification.
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included syringic acid (1124.14 μg/g), 3,4-dihydroxybenzoic acid 
(1767.24 μg/g), and vanillic acid (1553.44 μg/g). In all cases, this high 
content in phenolic compounds is intimately related to the unprecipi
tated lignin.

The liquor also contained minor quantities of monomers and oligo
mers, including glucose xylose, glucooligosaccharides, and xylooligo
saccharides, being in all cases lower than 0.60 g/100 g. On the other 
hand, the amount of acetyl groups linked to oligosaccharides was as high 
as 2.49 g/100 g initial PW.

3.8. Mass balance of the whole process

In order to get a full understanding of the processing of PW in a 
multiproduct biorefinery (for hemicelluloses, lignin and bioethanol 
obtainment), a mass balance was performed, and it can be consulted in 
Fig. 5.

Starting from 100 kg of PW, hydrothermal treatment was carried out 
to remove the hemicellulosic fraction without a thorough alteration of 
the cellulosic and lignin fractions. In this sense, only 3.92 kg of hemi
celluloses were retained in the solid fraction, while the great majority 
were solubilized into the autohydrolysis liquor, mainly in the form of 
oligomers (15.58 kg). The liquid phase mainly comprised oligomers, 
accounting for a 78 % of the carbohydrates, and the main components 
were the xylooligosaccharides (56 % of the total of carbohydrates in the 
liquor).

Subsequently, the delignification was performed using the DES 
formed by ChCl:LA at optimal conditions, attaining a removal of 18.40 
kg of lignin with residual amounts of oligomers (3.53 kg) and monomers 
(1.15 kg) in the black liquor. The lignin was then precipitated, recov
ering a sample of 16.80 kg that presented a purity of 85 % in Klason 
lignin (14.33 kg). On the other hand, the black liquor after lignin pre
cipitation retained the carbohydrates and phenolic compounds (2.70 
kg).

Conversely, the solid phase after autohydrolysis and DES- 
delignification (AH + DES-PW) was chiefly composed of glucan (81 
%) and was subjected to enzymatic-fermentative processes, to produce 
ethanol (between 18.22 and 19.01 kg per 100 kg of initial PW) and 
succinic acid (between 32.52 and 34.90 kg per 100 kg of initial PW). 
These ethanol values are in the range of other work by the authors where 
the DES-delignification on raw PW was studied [47]. In addition, the 
ethanol obtained in this work was higher than that by Wu et al. [92] who 
attained 9.45 kg of ethanol per 100 kg of initial biomass after sequential 
alkali and ChCh:LA processing of sorghum straw. Alternatively, 14.9 kg 
of ethanol/100 kg were obtained by Xu et al. [93] after processing corn 
stover using ChCl:GOH (1:2) DES. Similarly, higher succinic acid pro
duction was reached in the current work regarding the study by [73], 
who obtained up to 20.08 g of succinic acid from the mixture of 100 kg 
of grape stalks and 80.5 g of extracted grape pomace.

Considering the abovementioned, the studied processing of PW en
ables to obtain the three main components of lignocellulosic biomass in 
different streams following a multi-product biorefinery with high 
selectivity treatments, recovering 15.58 kg of hemicellulosic oligomers, 
41.73 kg of cellulose (that may be transformed into 19.01 kg of bio
ethanol or 34.90 kg of succinic acid), and 16.80 kg of lignin.

4. Conclusions

The sequential application of autohydrolysis and deep eutectic sol
vents (DES) pretreatments on PW demonstrated a promising route for 
efficient biomass fractionation in a multiproduct biorefinery approach. 
Autohydrolysis efficiently solubilized hemicelluloses, predominantly as 
xylooligosaccharides, while the use DES at optimized conditions 
(130 ◦C, 1 h reaction time, ChCl:LA (1:9) and a LSR of 8 mL/g), achieved 
high delignification (up to 89 %) with minimal glucan loss (<1.3 %). 
Subsequently, cellulose was processed to produce bioethanol (up to 
41.79 g/L, yield of 80 %), succinic acid (32.02 g/L, yield of 0.76 g of 

succinic acid per g of glucose), and cellulose nanocrystals (average 
aspect ratio of 17.71). The obtained lignin presented a high purity (85 
%), and the phenolic compounds isolated from the black liquor, 
including high concentrations of syringaldehyde and vanillin, under
score the potential for added-value applications in antioxidant produc
tion. This study demonstrates the effectiveness of combining 
autohydrolysis and DES for the valorization of Paulownia wood, 
enabling the production of high value bioproducts such as hemi
cellulosic oligosaccharides, bioethanol, and lignin. These findings 
highlight the approach's strong potential for scalable and sustainable 
biorefinery applications.
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