"’*:: processes

Article

Comparative Optimization of Acid- and Base-Assisted Steam
Explosion for Sustainable Fractionation of Cardoon Residues

1

Federico Liuzzi 1*{0, Nicola Di Fidio 2{7, Kaouther Zaafouri 3(”, Elisabetta Borsella (), Antonio Caporusso 10,

Egidio Viola!

check for
updates

Academic Editor: Francesca Raganati

Received: 15 October 2025
Revised: 28 November 2025
Accepted: 29 November 2025
Published: 4 December 2025

Citation: Liuzzi, F,; Di Fidio, N.;
Zaafouri, K.; Borsella, E.; Caporusso,
A.; Viola, E.; De Bari, I. Comparative
Optimization of Acid- and
Base-Assisted Steam Explosion for
Sustainable Fractionation of Cardoon
Residues. Processes 2025, 13, 3926.
https:/ /doi.org/10.3390/pr13123926

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Isabella De Bari !

ENEA, Italian National Agency for New Technologies, Energy and Sustainable Economic Development,
Trisaia Research Centre, S.S. 106 Jonica, 75026 Rotondella, Italy; antonio.caporusso@enea.it (A.C.);
egidio.viola@enea.it (E.V.); isabella.debari@enea.it (I.D.B.)

Department of Biosciences, Biotechnology and Environment, University of Bari Aldo Moro,

Via Orabona 4, 70125 Bari, Italy; nicola.difidio@uniba.it

Laboratory of Microbial Ecology and Technology (LETMi), The National Institute of Applied Sciences and
Technology (INSAT), University of Carthage, 2 Boulevard Mohamed El Béji-Caid Essebsi,

BP 676, Tunis 1080, Tunisia; kaouther.zaafouri@outlook.com

ENEA, Italian National Agency for New Technologies, Energy and Sustainable Economic Development,
Casaccia Research Centre, Via Anguillarese, 301, 00123 Roma, Italy; elisabetta.borsella@enea.it

*  Correspondence: federico.liuzzi@enea.it; Tel.: +39-0835974357

Abstract

This study focused on optimising the saccharification of cardoon mixed residues through
acid or base-catalysed steam explosion, using a Response Surface Methodology (RSM)
to optimise the main process parameters. Despite the increasing interest in cardoon as
a lignocellulosic feedstock, its efficient fractionation remains challenging, with limited
cellulose hydrolysis and incomplete hemicellulose recovery under non-optimised steam
explosion conditions. Therefore, a systematic evaluation of catalytic severity is required to
improve biomass valorisation. HySO4-catalysed steam explosion significantly improved
glucan hydrolysis in the following enzymatic saccharification process, achieving 78 mol%
glucose yield after a pretreatment carried out at 200 °C, 5 min, and 25 mM catalyst concen-
tration. Xylan recovery required a higher catalyst concentration of 50 mM and temperatures
lower than 220 °C to avoid the dehydration reaction of xylose to furfural. The optimal
conditions for maximising glucose and xylose yields were 196 °C for 5 min with 50 mM
H,504, resulting in 80.5 mol% glucose yield and 70.3 mol% xylose yield. Alkaline-catalysed
steam explosion at 200 °C with 25 mM NaOH increased the enzymatic hydrolysis of glucan
and favoured the production of lignin with a higher syringyl/guaiacyl ratio, making it
more reactive. Overall, this research provides valuable insights into catalytic steam ex-
plosion coupled with the enzymatic saccharification step for the complete valorisation of
lignocellulosic cardoon residues.

Keywords: biomass fractionation; catalytic steam-explosion; enzymatic saccharification;
lignocellulosic biorefineries; cardoon residues valorization

1. Introduction

Cardoon (Cynara cardunculus L.), a perennial plant from the Asteraceae family, is in-
creasingly recognized as a versatile and sustainable crop, particularly suitable for marginal
and uncultivated lands. Its cultivation requires minimal water and nutrient inputs, no
irrigation, and reduced herbicide use, making it an excellent option for regions with limited
resources, such as the Mediterranean basin [1,2]. Cardoon is a low-maintenance crop with
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modest soil tillage requirements and annual biomass collection, reducing erosion risks and
limiting CO, emissions, thereby positioning it as one of the most sustainable industrial
and energy crops [2,3]. Its adaptability to marginal soils and its multipurpose applica-
tions have also been highlighted in studies exploring biomass production potential for
bioenergy and biorefineries. The plant is particularly valued for its wide range of potential
applications. Oil extracted from cardoon seeds can be utilized for industrial purposes
or converted into biopolymers, such as azelaic and pelargonic acids, while protein-rich
extraction flours serve as an alternative to genetically modified soybean meal in animal feed
and as a nutraceutical source [4,5]. Additionally, cardoon roots contain inulin, a versatile
fructan employed in food, biofuel, and biopolymer industries [6]. A significant proportion
of cardoon biomass consists of its lignocellulosic fraction. This fraction is the remaining
biomass after oilseed harvesting from the capitulum. It includes stems, leaves, and other
non-seed tissues. This fraction is particularly promising for integration into biorefinery
frameworks. This is due to its high cellulose and hemicellulose content. There is also the
possibility of lignin valorization.

Efficient biomass fractionation requires an initial pretreatment step to disrupt the
lignocellulosic matrix, followed by enzymatic hydrolysis to release fermentable sugars for
biofuels and biochemicals. Several pretreatment methods have been explored, including
steam explosion, dilute acid, and organosolv processes, which allow for the exploitation of
all biomass components [7,8]. The composition and quality of cellulose, hemicellulose, and
lignin can be tailored for various applications [9-13].

Among these methods, steam explosion stands out as a versatile pretreatment, com-
monly applied to improve biomass accessibility. High-pressure steam disrupts the lignocel-
lulosic structure, followed by rapid decompression that creates fissures in the cell walls.
However, during steam explosion, the harsh conditions, particularly high temperatures,
cause significant degradation of hemicellulosic sugars. This degradation reduces sugar
yield, while the resulting by-products can inhibit subsequent steps, including fermentation-
based biocatalytic upgrading [14-16]. To mitigate these challenges, catalysts are employed
to promote high levels of fractionation while reducing the thermal severity of the pro-
cess [17]. Catalytic integration improves steam explosion efficiency: acid catalysis enhances
hemicellulose hydrolysis and xylan recovery, whereas base catalysis alters lignin structure,
increasing its reactivity for advanced applications. These enhancements facilitate enzymatic
hydrolysis and optimize sugar yields, which are crucial for producing bioethanol and other
bio-based products [18-21]. Alkaline catalytic approaches also show promise in enhancing
biomass deconstruction [22-24].

The lignin fraction plays a pivotal role in determining the overall sustainability of
biorefineries. While lignin is mainly used for energy generation through combustion,
it also holds potential for producing valuable chemicals, such as aromatics and cyclic
alkanes [25,26]. These catalytic approaches optimize sugar recovery, lignin utiliza-
tion, and overall biorefinery efficiency, bridging key knowledge gaps in cardoon
biomass research [27,28].

In this work, “sustainable fractionation” refers to using aqueous, solvent-free steam
explosion conditions; applying low-cost, widely available acid or alkaline solutions; and
operating under moderate reaction times with industrially scalable equipment. Compared
to solvent-based pretreatments or high-severity thermal processes, acid- and base-assisted
steam explosion minimizes chemical consumption and energy demand while enabling the
recovery and valorization of all biomass fractions (cellulose, hemicellulose, and lignin).
This process is a key element of sustainable biorefinery strategies.

Cardoon has been widely studied as a multipurpose crop, but the valorization of
residues remaining after oilseed harvesting has received limited attention, especially with
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regard to their suitability for integrated biorefinery processes. This study is novel because
it combines tailored pretreatment conditions with a detailed assessment of the obtained
fractions and a comparative evaluation of enzymatic hydrolysis. Importantly, our study
focuses on the catalytic aspects of biomass fractionation and enzymatic biocatalysis rather
than the development of new catalytic materials. This approach fills an existing research
gap by providing a comprehensive evaluation of cardoon residues and their potential for
the efficient, sustainable valorization of biomass. The aim of this study was to optimize the
effect of acid- and base-catalyzed steam explosion of cardoon residues on the subsequent
enzymatic saccharification process through a Response Surface Methodology (RSM) ap-
proach and preliminarily assess their influence on specific lignin properties, highlighting
its potential to enhance the environmental and economic feasibility of bio-based industrial
processes. RSM is more efficient than orthogonal experiments for process optimization,
requiring fewer trials to build a predictive model. This allows us to visualize the “response
surface” and identify the precise conditions for maximum yield. This provides deeper
insight and a more complete picture for developing a scalable process for cardoon biomass.

2. Materials and Methods
2.1. Feedstock

Cardoon residues were provided by the Italian company Novamont (Novara, Italy)
and produced at the industrial level at the Matrica® plant (Porto Torres, Sardinia, Italy).
Before the steam explosion pretreatment, the biomass was ground with a straw chopper
into small particles with a diameter of around 1.7-5.6 mm. The feedstock, which contained
81.0 £ 0.3% dry matter, was sampled and milled using a Retsch ZM-200 (Haan, Ger-
many) knife mill. It was then sieved to pass through a 50-mesh screen with a particle
size of ~300 pm and dried at 55 °C overnight. Finally, laboratory characterizations were
performed to determine the extractives, carbohydrates, lignin, and ashes using standard
NREL methods [29].

Three replicates were carried out for each type of analysis.

2.2. Steam Explosion Pretreatment

The cardoon biomass pretreatment was performed according to our previous opti-
mized work [11] and using a steam explosion batch unit (10 L Staketech reactor—ENEA,
Trisaia, Italy). To adjust the biomass moisture content and facilitate its deconstruction, the
biomass was first impregnated at room temperature. Specifically, 0.5 kg of dry biomass
was immersed in 10 L of impregnation solution: demineralized water for the non-catalyzed
steam explosion (NCSE), or 25 mM or 50 mM sulfuric acid solution for the acid-catalyzed
steam explosion (ACSE), or 25 mM or 50 mM sodium hydroxide solution for the base-
catalyzed steam explosion (BCSE). After 10 min of soaking, excess liquid was removed
using a filter press, resulting in impregnated solids with a dry matter content of about
35 wt%. Steam explosion pretreatments were then carried out at 180, 200, or 220 °C for
5 min. After each pretreatment, the material was pressed to separate the water-insoluble
fraction (WIF), mainly cellulose and lignin, from the liquid fraction (LF), which contained
hemicellulose derivatives and other soluble compounds. A mass balance was performed
for each condition to quantify the recovery of xylan, expressed as monomeric xylose and
xylo-oligomers, relative to the initial xylan content in the raw biomass. The solid fractions
were resuspended in hot water (65 °C) at 5 wt% biomass loading for 30 min, then filtered
through a Btichner funnel before enzymatic hydrolysis. The LF was analyzed to deter-
mine the concentrations of monomeric sugars, furanic derivatives, aromatic compounds,
and organic acids. The oligomer content was calculated as the difference after acid post-
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hydrolysis of sugars, which was performed in an autoclave at 120 °C, 1 bar for 45 min using
3 wt% HzSO4.

2.3. Enzymatic Hydrolysis

Enzymatic hydrolysis was performed at 5 wt% solid content in 200 mL shaken flasks,
maintained at 180 rpm and 50 °C for 96 h, using a citrate buffer at pH 4.8. The enzymatic
hydrolysis tests were carried out on the water-insoluble fractions (WIFs) derived from steam
explosion, which were washed with hot water at 65 °C to remove residual hemicellulose.
The enzymatic mixture Cellic® CTec2 was added with a catalyst loading of 15 FPU (Filter
Paper Units) per gram of glucan [7,8]. The enzymatic activity was measured by the standard
procedure before the experiments and was 178 FPU/mL [30]. The commercial enzyme was
kindly provided by Novozymes (Bagsvard, Denmark). The mean values were reported for
each enzymatic reaction performed in duplicate.

2.4. Analytical Methods

Monomeric sugars (glucose, xylose, arabinose, mannose) and acetic acid were deter-
mined using an HPIC DX 300 chromatographic system (Dionex, Sunnyvale, CA, USA)
equipped with a Nucleogel Ion 300 OA column (Macherey-Nagel, Diiren, Germany) op-
erating at 60 °C with 10 mN H,SOj solution as mobile phase and a flux of 0.4 mL/min.
Samples were pre-filtered through a 0.45 pm membrane before injection. The detector
used was a Shodex RI101 refractive index detector. Furan derivatives (2-furaldehyde and
5-hydroxymethyl-furaldehyde) were quantified using an HP1100 system (Agilent, Santa
Clara, CA, USA), equipped with an RP18 5 um LiChroCart 250 x 4 mm column (Agilent,
Santa Clara, CA, USA), operating at 50 °C. The mobile phase was a 1:1 v/v mixture of Milli-
Q water and acetonitrile. The detector was a diode array operating at 210 and 280 nm. Each
analysis was performed in triplicate. All the quantifications were performed through the
external standard technique. All reagents and standards were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

2.5. Determination of Combined Severity Factor (CSF)
In the steam explosion pretreatment, the process severity factor (log(Ry)) is widely used

to quantify the combined effect of reaction time (t), expressed in minutes, and temperature
(T), expressed in °C, on biomass disruption (Equation (1)) [31]:

log(Ro) =log[t x exp {(T — 100)/14.75}] (1)

However, when acid or base catalysts are employed, the equation must account
for catalytic effects, and its calculation has evolved from the original formulation by
Abatzoglou et al. (1992) [31] to that proposed by Pedersen et al. [32] (Equation (2)). For this
reason, the severity factor was calculated as the combined severity factor (CSF):

CSF =log(Ro)" =1og(Ry) + |pH — 7| =log[t x exp {(T — 100)/14.75}] + [pH - 7| (2)

where the pH value was that of the impregnated slurry before the steam
explosion treatment.

2.6. Design of Experiment

Response surface methodology (RSM), based on a 3-level and 2-factor face-centered
Central Composite Design (CCD), was used to investigate the influence of the temperature
and the amount of the catalyst (as independent variables) on two main responses (depen-
dent variables): glucan hydrolysability and xylan recovery [33]. A face-centered CCD is a
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type of response surface methodology used in chemometric approaches to design experi-
ments (DoE) to model and optimize processes. This design consists of factorial, center, and
axial points located at the faces of the design space. It allows for the estimation of the linear,
interaction, and quadratic effects of the variables with a limited number of experiments.

The Design—Experiment® software, version 10 (Stat-Ease Inc., Minneapolis, MN, USA),
was used to create the experimental matrix and for data elaboration.

The analysis of variance (ANOVA) was used to investigate model validation. A second-
order polynomial regression model (Equation (3)) was developed based on the experimental
data (« = 0.05) and applied to generate response surface and contour plot graphs:

Y =B + B1A + BB + B3AB + BsA? + BsB? (3)

where Y is the predicted value, A and B are the independent variables (temperature and
catalyst concentration, respectively), 3¢ is the intercept, 3; and 3, are the linear regression
coefficients, 33 is the cross-product coefficient, while 34 and 35 are the quadratic coefficients
associated with each factor.

As shown in Table 1, three levels of each variable were tested: 180, 200 and 220 °C for
the temperature and 0, 25 and 50 mM for the catalyst concentration.

Table 1. Experimental design range and levels of the two factors, namely temperature (°C) and
catalyst concentration (mM).

Range and Levels

Code Factors Units
-1 0 +1
A Temperature °C 180 200 220
B Catalyst mM 0 25 50

Two distinct designs with the same setup (Table 1) were performed to alternatively
test acid and base catalysts (H,SO4 and NaOH).

2.7. Lignin Isolation and Characterization

Lignin was isolated from cardoon both before and after steam explosion treatment
using NaOH solution as an extracting solvent and H,SOy4 solution for the re-precipitation of
acid-insoluble lignin. Specifically, 50 g of dry biomass was suspended in 500 mL of 1.5 wt%
NaOH solution and heated to reflux at 90 °C for 30 min. After the alkali treatment, the
reaction mixture was filtered and then centrifuged at 8000 rpm for 10 min to separate the
residual pulp biomass. The filtered liquid was then adjusted to pH 2 by adding 1 N H,SO4
solution dropwise to precipitate the acid-insoluble lignin. The obtained lignin samples
were washed with deionized water, dried in a hot air oven at 50 °C for 3 h, and stored for
further processing.

Pyrolysis coupled with gas chromatography and mass spectrometry (Py-GC/MS) was
employed to investigate the structure of lignin precursors according to the literature [34,35].

Py-GC/MS analyses were carried out by using a Gerstel pyro (SRA Instruments—
Milano, Italy) directly combined with the injection system of a GC Agilent 6890N equipped
with an Agilent 5975A mass spectrometer. About 2 mg of each sample was introduced into
a quartz tube inside the pyrolyser. The samples were initially held at 50 °C for 60 s, then
ramped at 50 °C/s to a final temperature of 600 °C and held for 1 min. GC separation of
the pyrolysis vapors was performed using a 30 m x 0.25 mm x 0.25 um DB5 column, with
helium as the carrier gas at a flow rate of 1.2 mL/min. The GC inlet was set to 250 °C with
a split ratio of 45:1. The oven was held at 40 °C for 1 min and then heated at 10 °C/min to
a final temperature of 320 °C, where it was kept for 20 min. Mass spectra were acquired in
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electron ionization (EI) mode at 70 eV, with an m/z range of 40-550. The GC interface line
and ion source temperatures were set to 150 and 230 °C, respectively. Peak identification
was carried out using the NIST mass spectral library and relevant literature. Each analysis
was carried out in triplicate.

3. Results and Discussion
3.1. Effect of Temperature Variation of Non-Catalyzed Steam Explosion on the Raw Material

The composition of raw cardoon material was as follows: glucan 35.0 & 2.3 wt%,
xylan 14.0 &= 1.0 wt%, acetyl groups 1.9 £ 0.1 wt%, acid insoluble lignin 24.8 + 1.4 wt%,
acid soluble lignin 4.6 £ 0.5 wt%, ethanol-soluble extractives 4.1 & 0.2 wt%, proteins
3.6 £ 0.1 wt% and ash 8.1 £ 0.3 wt%. Biomass composition is highly variable, influenced
by factors such as variety, cultivation area, growth conditions, harvest time, and analytical
methods. In the present work, the glucan content of residual cardoon was similar to that
reported by Ballesteros et al. [36] and Cotana et al. [18], although it is 6-12 wt% lower
than values reported by Fernandes et al. [19] and Lourenco et al. [20]. The lignin content
in the lignocellulosic residue of cardoon shows considerable variability, with literature
values ranging from 11.3 to 26.4 wt% [37], and is strongly affected by factors such as variety,
cultivation area, growth conditions, and harvest time. Moreover, the perennial nature of
cardoon may also contribute to these discrepancies [38]. Notably, the mass balance in the
present study was 96.1%, whereas some studies reported values below 85 wt%, and many
authors do not specify whether the reported lignin content includes the acid-soluble lignin
fraction [39]. Overall, carbohydrates accounted for about 55 wt% of the biomass, with a
sugar-to-lignin ratio greater than 2 wt/wt in most cases.

A temperature range of 180-220 °C for 5 min was initially explored to investigate the
steam explosion effect without the use of any catalyst (Table 2).

Table 2. Effect of the temperature of non-catalyzed steam explosion on the composition of water-
insoluble fraction (WIF) and liquid fraction (LF).

WIF LF
Temperature Glucan Xylan Ac1d-¥nsc.>luble Xylose l.x ylo- Acetic Acid l.sura'n "
©0) (%) (%) Lignin (g/L) Oligomers (g/L) Derivatives
(%) (g/L) (g/L)
180 46.8 £ 2.1 9.5+03 23.6 £1.2 0.92 £ 0.05 3.21£0.10 0.30 £ 0.02 N.d.
200 58.7 £2.2 6.5+£0.1 28.4 £ 0.6 0.85 £ 0.06 8.12 £0.31 1.17 £ 0.04 0.10 £ 0.01
220 50.9 £2.5 64+04 30.8 £1.5 220+£010 12.53+0.82 0.94 £ 0.01 0.43 £ 0.02
Raw material 35.0£23 140+£1.0 198+ 14 / / / /

* Sum of furfural and 5-hydroxymethyl furfural. N.d. = not detected.

With respect to the raw material composition, the water-insoluble fraction (WIF)
showed a significant increase in glucan and lignin content, and a slight decrease in xylan
content. This trend is due to the effect of high temperature, which leads to the hydrolysis
of hemicelluloses and increases the xylan solubilization. The percentage of glucan in WIF
increased from 46.8 wt% at 180 °C to 58.7 wt% at 200 °C and decreased to 50.9 wt% at
220 °C. The percentage of xylan in WIF decreased from 9.5 to 6.4 wt%, consistent with
higher concentrations of xylose and xylo-oligomers in the LFs along with acetic acid and
furans. The percentage of the acid-insoluble lignin in WIF increased from 23.6 to 30.8 wt%.
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3.2. Effect of Catalysis on Biomass Pretreatment

H,S04 and NaOH were selected as cheap and efficient homogeneous catalysts for
the steam explosion pretreatment. Face-centered central composite design was used to
describe the variation in responses as a function of temperature and catalyst concentration.

3.2.1. Effect of Acid Catalysis in Steam Explosion Pretreatment

Two response variables were examined: glucan hydrolysability (HY), namely glucose
yield, and xylan recovery in the liquid fraction (XR) (Table 3).

Table 3. Results of acid-catalyzed steam explosion carried out at different temperatures and soaking
concentration of HySO4 (from 0 to 50 mM) on glucose yield obtained from the enzymatic hydrolysis
of glucan in the WIF (HYac), and xylan recovery (XRac) in the LE. Center points were replicated
three times.

Factor 1 Factor 2 HY XR,c
Run Temp?;ature B: H,SO4 Glucose yield  Xylan recovery
(°O) (mM) (mol%) (mol%)

1 180 0 58.0 18.4
2 200 0 73.5 50.5
3 220 0 69.6 45.4
4 180 25 65.9 43.8
5 200 25 78.6 50.8
6 200 25 777 51.5
7 200 25 76.9 51.8
8 220 25 75.4 36.8
9 180 50 69.8 67.7
10 200 50 83.2 72.4
11 220 50 73.1 25.7

The glucose yield was determined by enzymatic hydrolysis of the solid fraction
obtained from pretreatment, as described in the experimental section. Xylan recovery
represents the percentage of solubilized xylose and xylo-oligomers in the liquid fraction
relative to the total xylan content in the raw material, while residual insoluble lignin refers
to the WIF remaining after hemicellulose removal. Based on the results reported in Table 3,
acid catalysis increased the glucan hydrolysability at all investigated temperatures, with a
maximum glucose yield of 83.2 mol% observed at 200 °C and 50 mM H;SOy (run 10). The
glucose yield was also close to 80 mol% with a lower concentration of catalyst (25 mM) at
200 °C (run b).

On the contrary, a catalyst concentration of 50 mM is needed to obtain a higher xylan
recovery (runs 9 and 10). However, at 220 °C, the xylan recovery dramatically decreased
from 72.4 (run 10) to 25.7 mol% (run 11) due to the dehydration reaction of solubilized
xylose to furfural.

3.2.2. Effect of Alkaline Catalysis on Cardoon Lignocellulosic Residues

The alkaline-catalyzed steam explosion favors the destructuration and solubilization
of lignin, making the cellulose more accessible to enzymes during the subsequent saccha-
rification process, and could enhance the solubilization of hemicellulose with different
degrees of polymerization. A similar approach to that used for acid catalysis was employed
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to systematically investigate the impact of the NaOH catalyst in the steam explosion on the
following digestibility of pretreated cardoon residue (Table 4).

Table 4. Results of base-catalyzed steam explosion carried out at different temperatures (from 180 to
220 °C) and different soaking concentrations of NaOH (from 0 to 50 mM) on glucose yield obtained
from the enzymatic hydrolysis of glucan in the WIF (HYba) and xylan recovery (XRba) in LE. Center
points were replicated three times.

Factor 1 Factor 2 R(elfll;‘:)se R(e)s(ﬁzra\)se
Run A: Temperature B: NaOH Glucose yield  Xylan recovery
Q) (mM) (mol%) (mol%)

1 180 0 58.0 18.4
2 200 0 735 50.5
3 220 0 69.6 454
4 180 25 64.5 10.9
5 200 25 82.8 34

6 200 25 81.4 32,5
7 200 25 81.6 34.0
8 220 25 75.6 215
? 180 50 73.7 10.3
10 200 50 81.1 349
11 220 50 78.9 133

Based on the results reported in Table 4, base catalysis increased the glucan hy-
drolysability at all investigated temperatures, with a maximum glucose yield of 82.8 mol%
observed at 200 °C and 25 mM NaOH (run 5). The glucose yield was also higher than
80 mol% with a higher catalyst concentration (50 mM) at 200 °C (run 10), while at 220 °C,
the glucose yield was slightly lower in the presence of either 25 or 50 mM NaOH (runs
8 and 11).

The data show that basic catalysis negatively affects xylan recovery (XRba). Samples
treated without NaOH exhibited higher xylan recovery values (up to about 50 mol%),
whereas the addition of NaOH at 25 or 50 mM significantly reduces xylan recovery, with
values dropping as low as 10-35 mol%. Although higher thermal severity typically pro-
motes xylan solubilization, the increase in pH due to NaOH addition counteracts this effect.
Consequently, the alkaline conditions reduce xylan removal, leading to greater retention of
xylan within the solid fiber fraction.

3.2.3. Effect of Catalysts Adopted in the Steam Explosion on the Solid Fraction

Data reported in Tables 3 and 4 indicate that the highest experimental hydrolysis
yields were 83.2 (run 10, Table 3) and 82.8 mol% (run 5, Table 4) for acid and base catalysis,
respectively. These results were obtained at 200 °C with an impregnation of 50 mM H;SO,
and 25 mM NaOH. The results indicate that both catalytic approaches were very efficient
in increasing enzymatic access to glucan in the following saccharification step. Under the
same steam explosion conditions without the catalyst, the glucose yield in the enzymatic
hydrolysis reaction was 73.5 mol%, which is about 10 mol% lower than the glucose yields
achieved by carrying out the catalyzed steam explosion. These results confirmed the
significant impact of acid or base catalysis in the steam explosion pretreatment of cardoon
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mixed residues. The appendix data report the trends of cellulose enzymatic hydrolysis
under each investigated condition (Figure S1, Supplementary File).

In the case of HySOy-catalysed steam explosion, the obtained glucose yields were
slightly higher than those reported in the literature. Ballesteros et al. [23] obtained 80.2 mol%
glucose in a batch bioreactor (24 FPU/g glucan, 72 h) after steam explosion at 200 °C for
10 min with 0.2 wt% HSO4, while Cotana et al. [18] reported a similar yield of 80 mol%
using steam explosion at 220 °C for 10 min followed by enzymatic hydrolysis during the
SHEF process (30 FPU/g glucan, 48 h at 50 °C and 96 h at 32 °C). Slightly lower yields
were obtained by Fernandes et al. [19], who achieved 72.8 mol% after steam explosion at
200 °C for 8 min, lignin alkali extraction (2% NaOH, 15 min, 5% biomass loading), and
enzymatic hydrolysis (21 FPU/g glucan, 72 h). Bertini et al. [8] reported a glucose yield
of ~70 mol% after steam explosion at 175 °C for 35 min followed by enzymatic hydrolysis
(0.3 g enzyme/ g cellulose, 5% biomass loading, 72 h), whereas Gelosia et al. [7] reached
~90 mol% using a microwave-assisted reactor at 150 °C with 1.96% acid, 1 wt% solids,
and 0.3 g enzyme/g glucan, though under non-scalable and unsustainable conditions.
Compared to these studies, our H,SO4-catalysed steam explosion process slightly improves
glucose yield while using higher biomass loading and lower enzyme dosage, making it
more sustainable and industrially scalable.

To the best of our knowledge, no studies have investigated NaOH-catalyzed steam
explosion of cardoon biomass, highlighting the novelty of this work in second-generation
biorefinery and lignocellulosic conversion. Previous studies on base-catalyzed steam
explosion with other biomasses have shown that each feedstock requires tailored process
conditions for efficient fractionation and enzymatic conversion. For example, Park et al. [40]
reported 65.5 mol% sugar from Eucalyptus (NaOH-catalyzed, 210 °C, 9 min, 30 FPU/g
glucan, 5% biomass, 72 h), while Choi et al. [41] achieved 93 mol% glucan recovery and
88.8 mol% digestibility on empty fruit bunches (40 FPU/g glucan, 2% solids, 72 h) using
nearly three times more enzyme than in the present study. Mihiretu et al. [42] obtained
92 mol% cellulose digestibility for sugarcane and 81 mol% for aspen wood using NaOH-
impregnated steam explosion (204 °C, 10 min, 4.8 wt% NaOH, 25 FPU/g glucan, 72 h),
while simultaneously extracting xylan-rich biopolymers.

Figure 1 shows the response surfaces for the optimization of steam explosion parame-
ters with H,SO4 and NaOH as catalysts as a function of glucose yield in the saccharification
processing of each pretreated solid fraction.

The surfaces reported in Figure 1 were described by quadratic Equations (4) and (5) in
terms of actual factors:

HYac = —888.38 + 9.31 x A +1.10 x B — 0.0041 x AB — 0.022 x A2 — 0.0002 x B2 (4)

HYba = —933.64 + 9.76 x A +1.033 x B — 0.0032 x AB — 0.024 x A2 —0.0035 x B2 (5)

where A and B are the temperature in Celsius degrees and the catalyst concentration in mM.
These equations, expressed in terms of actual factors, can be used to predict the response for
given values of each factor. The statistical evaluation was conducted using ANOVA, and
the coefficients of the final equation, expressed in terms of coded factors, were provided in
the Supplementary File (Table S1).
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Figure 1. Three-dimensional response surface of glucose yield from enzymatic hydrolysis of steam
exploded cardoon residue in the presence of acid (HYac) or alkaline catalysis (HYba).
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3.2.4. Effect of the Catalyst on the Chemical Composition of the Liquid Fraction

Figure 2 details the effect of the type of catalysis adopted in the steam explosion
treatment of cardoon on the distribution of solubilized xylose recovery (XR) and the
dehydration by-products (DBP) in the hemicellulose liquid fraction.
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Figure 2. The impact of the acid catalysis on xylan recovery yield (panel XRac) and on the dehydration
by-product formation (panel DBPac) in the liquid fractions compared with the xylan distribution
(panel XRba) and dehydration by-product formation (panel DBPba) resulted from the effect of base
catalysis. XR was the yield determined with respect to the initial xylan in the raw material, while
DBP was calculated with respect to dry raw material (wt% to RM).

In Figure 2 (panel XRac), it can be observed that acid catalysis promotes the recovery
of xylan from biomass in pretreatments carried out at 180 °C, whereas it has a detrimental
effect at higher temperatures, specifically at 220 °C. The thermal capacity to solubilize
pentoses is enhanced by catalytic activity, which leads to the degradation of furans and
acetic compounds (panel DBPac). Xylan in the raw material can be solubilized either as
soluble monomers or oligomers. While the xylose monomer can be subsequently trans-
formed into biobased molecules for the chemical industry [43,44], the xylo-oligomers are
highly valued by the nutraceutical industry as food additives and prebiotics [45]. Fur-
thermore, polysaccharide-based packaging films have been preliminarily applied in food
packaging. While the use of hemicellulose films is still in the research phase, their excellent
barrier properties position them as a promising alternative to plastic films, especially in
applications where mechanical strength is not a primary concern [46]. On the other hand,
xylo-oligomers are known as strong inhibitors of the enzymes involved in the hydroly-
sis of cellulose; therefore, the production of mixed hydrolysates from xylo-oligomer-rich
hemicelluloses is strongly discouraged [47]. The combination of parameters that ensures a
recovery of approximately 70 mol% of xylan was achieved by impregnating the biomass
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with 50 mM H,SOy at 180 °C and 200 °C. Specifically, the latter process parameter allowed
for the recovery of around 50 mol% of the initial xylan present in the raw material as
soluble xylo-oligomers. The pretreatment carried out at 200 °C without a catalyst allowed
a xylo-oligomer recovery of more than 45 mol%, but with approximately 20 mol% fewer
monomers due to the absence of acid. Hemicelluloses with relative yields of monomeric
xylose higher than 80 mol% were obtained when, in addition to the acid concentration, the
highest temperature (220 °C) was combined, which favored the thermal autohydrolysis
of the oligomers. On the other hand, with these high thermal severities, the recovery
yields of the total xylan were lower because part of the sugar is degraded to by-products,
and in particular to furan compounds (mainly furaldehyde and 5-hydroxymethylfurfural).
The solubilization of acetyl groups also increased as a function of the increase in process
severity. Ballesteros et al. [36] indicated the temperature of 180 °C as the optimal one to
maximize the xylan recovery yield, reaching a 13.5 mol% recovery, which is a value similar
to that achieved in the present study (9.5 mol%). However, a 2-litre stirred reactor and
different acid concentrations were used in the cited work. Acid-catalyzed steam explosion
was used for cardoon fractionation by Bertini et al. [8], by soaking in a 1 wt% H;SO4
solution, pretreatment temperatures between 160 and 190 °C and a longer residence time,
corresponding to 35 min. A maximum recovery yield of around 60 mol% was obtained,
approximately 10 mol% lower than that obtained in this work with the combination of
parameters described above.

Regarding the base-catalyzed approach, at high temperatures and NaOH concentra-
tions, there was a decrease in total xylan recovery and an increase in the percentage of
xylan in the oligomeric form (Figure 2, panel XRba). The amount of furanic compounds
produced by basic catalysis (Figure 2, panel DBPba) was typically negligible compared to
acid catalysis since the dehydration reaction of glucose and xylose to 5-HMF and furfural,
respectively, is catalyzed by Brensted acidity. However, an increase in acetic acid produc-
tion was observed at higher temperatures and NaOH concentrations. The use of NaOH
for lignin removal has been shown to induce the release of acetyl groups and uronic acid
substituents, which can improve the digestibility of cellulose and hemicellulose [48,49].
Nevertheless, some of these degradation products, including xylo-oligomers [47], phenols,
organic acids [50], furfural, and 5-hydroxymethylfurfural [51], can inhibit the activity of
hydrolytic enzymes, underscoring the critical importance of optimizing process conditions,
such as alkaline loading, moisture content, temperature, and reaction time, to minimize
such inhibition [52].

These findings indicate that the treatment conditions can significantly impact the
composition of the biomass, which has important implications for its potential applications.
On one hand, acid catalysis promotes the recovery of xylan from the lignocellulosic matrix
and, at higher thermal severities, allows for the production of mainly monomeric sugars.
On the other hand, it inevitably leads to the formation of furanic degradation by-products.
In contrast, basic catalysis reduces the recovery of xylan in the liquid fraction and increases
the formation of xylo-oligomers and acetic acid. The impact of acid and alkaline catalysis
on the xylose recovery in the liquid fraction of pretreated cardoon was also investigated by
creating 3D response surfaces (Figure 3).

The effects of temperature and catalyst on the response variable were also statistically
analyzed using analysis of variance (Supplementary File, Table 52).
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Figure 3. Three-dimensional response surfaces of xylan recovery (mol%) of pretreated cardoon after
acid catalysis (XRac) and alkaline catalysis (XRba).

3.3. Optimization of the Catalysis-Driven Steam Explosion Parameters

The section dedicated to optimizing results in the DesignExpert10® software allows

for determining the combination of parameters within the working range to achieve the
desired objectives.

3.3.1. Optimization of Acid-Catalyzed Steam Explosion Coupled with
Enzymatic Saccharification

A combination of parameters capable of maximizing the yield of glucan hydrolysability
was analyzed (desired variable HYac). The values reported in Table 5 show that operating
at 202 °C and with 50 mM of H,SO,4 impregnation, the glucan hydrolysis yield was higher
than 80 mol%. In contrast, the combination of parameters capable of maximizing the xylan
recovery into the liquid fraction was elaborated (desired variable XRac), and the maximum
predicted value was 72.7 mol% at 187.8 °C and 50 mM of H,SO;,. Finally, the optimal
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combination of parameters to maximize both glucose and xylose was determined. The
optimization study predicted a glucose yield and a xylan recovery yield of approximately
80.5 and 70.3 mol%, respectively, by working at 196 °C and 50 mM H;SOy, corresponding
to a desirability of 0.926. Desirability is an objective function that varies from 0 (meaning
outside the specified limits) to 1 (the desired goal). Numerical optimization seeks to identify
a point that maximizes this desirability function, guiding the process toward the optimal
outcome. The predicted conditions were validated, together with the model and equations
shown in Figures 1 and 3, and the experimental results were similar to those predicted with
less than 5% deviation. In this optimized condition of pretreated cardoon at 196 °C with
50 mM of acid impregnation, the measured combined severity factor (CSF) was 9.14. The
software prediction and experimental results of model validation were reported in Table 5.

Table 5. Optimization of sugar recovery (glucan hydrolysis, namely glucose yield, and xylan recovery)
in the saccharification process after acid-catalyzed steam explosion.

Desired Predicted Predicted Xylan Experimental Experimental
Variable T(CO H;SO4 (mM) Glucose Recovery Desirability Glucose Xylan Recovery
Yield (mol%) (mol%) Yield (mol%) (mol%)
HY, 202.2 50 81.5 64.0 0.932 82.3 62.8
XRje 187.8 50 76.7 72.7 1.000 74.9 73.0
HYacand 440 50 80.5 703 0.926 76.6 74.5
XRac
3.3.2. Optimization of Base-Catalyzed Steam Explosion Coupled with
Enzymatic Saccharification
The same optimization study was carried out for the alkaline catalytic approach, and
the main results were reported in Table 6.
Table 6. Optimization of results on sugar recovery (cellulose hydrolysis yield and xylan recovery)
after base-catalyzed experimental campaign. The combination of parameters of predicted results was
validated by the experimental results and their desirability.
Desired Predicted Predicted Xylan Experimental Experimental
Variable T(°C) NaOH (mM) Glucose Recovery Desirability Glucose Xylan Recovery
Yield (mol%) (mol%) Yield (mol%) (mol%)
HYp, 204.1 394 83.7 31.2 1.000 83.0 31.0
XRp, 209.5 0.5 74.3 52.1 1.000 76.1 50.6
HYpaand 554 132 78.7 415 0.812 75.9 40.3
XRp,

The optimal reaction conditions for maximizing glucan enzymatic hydrolysis after
alkaline-catalyzed steam explosion were 204.1 °C and 39.4 mM NaOH, yielding 83.7 mol%
glucose. The model predicted that a combination of 209.5 °C and 0.5 mM NaOH would
maximize the xylose yield (52.1 mol%) in the liquid fraction collected after steam explosion.
To maximize both responses, pretreatment at 205.4 °C with NaOH impregnation at 13.2 mM
was assessed. The results of the experimental tests confirmed the predictions with an error
margin of 5%. Generally, when the objective is to maximize glucose yield, pretreatment at
204.1 °C with 39.4 mM NaOH is preferable. However, in processes where both glucose and
xylose need to be valorized (e.g., co-fermentation), working with a NaOH concentration
around three times lower is more effective. The contour plots of the desirability of the
responses of the numerical optimization after the acid-catalyzed and base-catalyzed steam
explosion are reported in the Supplementary File (Figure S2).
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3.4. The Role of the Combined Severity Factor in Balancing Glucan Hydrolysis and Xylan Recovery

The CSF is a key metric for integrating process parameters, such as temperature
and pH post-impregnation (see Section 2.5 in the Materials and Methods section). It
combines these variables into a single metric to provide a measure of pretreatment severity,
helping to evaluate the effect of catalyzed and non-catalyzed steam explosion on biomass
deconstruction, particularly regarding enzymatic hydrolysis yield and xylan recovery
(Figure 4). The pH values used for the CSF calculation were provided in Table S3 of the
Supplementary File, which also included the pH of the slurry after pretreatment to highlight
the effect of acetyl group cleavage on the pH of the resulting slurry. Despite its utility, the
relationship between CSF and the process outcomes is not strictly linear, illustrating the
challenge of balancing cellulose conversion with hemicellulose preservation.

A # glucose yield (mol%) & xylan recovery (mol%)
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Figure 4. Effect of the CSF on glucose yield (mol%) after the enzymatic saccharification process
and xylan recovery (mol%) under acidic (A) and basic (B) catalysis adopted in the steam explosion
treatment of cardoon residue.

In the case of acid-catalyzed steam explosion (Figure 4A), increasing CSF enhanced en-
zymatic hydrolysis yields while progressively compromising xylan recovery. For instance,
at 200 °C and 25 mM H,S0y, the CSF was 9.05, yielding 77.7 mol% glucose yield and
51.4 mol% xylan recovery. This moderate severity effectively balances glucan conversion
with hemicellulose preservation. However, higher severity levels—as indicated by a CSF



Processes 2025, 13, 3926

16 of 22

of 9.84 at 220 °C and 50 mM H,SO4—resulted in decreased xylan recovery (25.7 mol%)
despite a further increase in hydrolysis yield (83.2 mol%). These results underscore the
need to optimize pretreatment conditions to avoid excessive degradation of hemicellulose
due to the dehydration reaction, which is particularly sensitive to high severity levels.

In base-catalyzed pretreatments (Figure 4B), similar trends were observed. A CSF of
9.21, achieved at 200 °C and 25 mM NaOH, corresponded to the highest glucan digestibility
and glucose yield (81.9 mol%) achieved in the present study. However, xylan recovery
was significantly lower (33.6 mol%) compared to acid-catalyzed conditions. At the highest
CSF value of 10.21 (at 220 °C and 50 mM NaOH), glucose yield was high (78.9 mol%), but
xylan recovery dropped sharply to 13.3 mol%. These findings highlight a key limitation of
alkaline conditions: they are effective for glucan conversion in the saccharification process
but are considerably less favorable for hemicellulose retention. The utility and limitations of
CSF have been widely discussed in the context of lignocellulosic pretreatment. For example,
while CSF was originally developed for acidic or neutral conditions, Chum et al. [53]
extended its application to basic environments by proposing severity factors that integrate
the pH variable to describe the effects of temperature and time on biomass deconstruction,
thereby offering a more nuanced perspective on catalytic pretreatments. However, as
observed in both acidic and alkaline conditions, CSF alone does not capture all nuances
of biomass deconstruction, particularly under basic pH conditions where side reactions
and hemicellulose solubilization complicate the analysis. While this study successfully
identified moderate CSF values (around 9.0-9.2) as optimal for balancing the efficiency
of glucan hydrolysis and xylan preservation, it also reveals significant trade-offs inherent
to base catalysis. These findings emphasize the need for further research into alternative
metrics or complementary analyses to better understand the effects of alkaline conditions
on hemicellulose degradation. Additionally, exploring higher catalyst concentrations
and broader pH ranges could provide valuable insights into optimizing both cellulose
and hemicellulose exploitation. Despite the promising results, CSF shows a highly non-
linear relationship with pH, and small changes in operational conditions can significantly
affect enzymatic digestibility. The results were obtained using a specific 10 L-scale steam
explosion reactor, so differences in reactor design or biomass loading could alter outcomes.
Moreover, this study focused on cardoon residues, and further optimization would be
needed to apply the approach to other lignocellulosic biomasses. In conclusion, CSF
remains a valuable tool for process optimization, particularly when used alongside other
metrics to guide pretreatment strategies. This study contributes to a broader understanding
of lignocellulosic biomass valorization, with implications for producing bio-based platform
chemicals via sugar fermentation and developing lignin-based materials.

3.5. Impact of Catalyzed-Steam Explosion on the Chemical Composition of Isolated Cardoon Lignin

Isolated lignins extracted before and after steam explosion treatments, performed
under the previously optimized conditions, were analyzed using pyrolysis coupled with a
gas chromatography/mass spectrometry system (Py-GC/MS). This technique was chosen
because it provides detailed insights into lignin’s structural motifs by identifying pyrolysis
products from phenylpropane units. According to the literature, Py-GC/MS is a widely
used method for evaluating S/G ratios due to its sensitivity and reproducibility in detecting
syringyl (S) and guaiacyl (G) units [54]. Table 7 summarizes the key structural motifs
identified as pyrolysis products during lignin chromatographic analysis, which can be
attributed to the three main alcohol types: coniferyl alcohol (G), sinapyl alcohol (S), and
coumaryl alcohol (H), each derived from phenylpropane units. The internal ratio between S
and G units is particularly important as it provides valuable insights into lignin recalcitrance
and its potential for subsequent conversion and valorization.
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Table 7. Structural determination via Py-GC/MS of the most abundant lignin-derived molecules
from lignin extracted from untreated cardoon (namely lignin before steam explosion). Alcohol groups
classification: coniferyl alcohol (G), sinapyl alcohol (S), and coumaryl alcohol (H).

Molecule Alcohol Group mfz?

Phenol, 2,6-dimethoxy-4-(2-propenyl)-1 propenyl-cis S 194
Phenol, 2,6-dimethoxy-4-(2-propenyl)-1 propenyl-trans S 194
Benzaldehyde, 4-hydroxy-3,5-dimethoxy S 182
Ethanone,1-(4-hydroxy-3,5-dimethoxyphenyl) S 196
Phenol, 2,6-dimethoxy S 154

Phenol, 2-methoxy G 124

Phenol, 2-methoxy-4-methyl G 138
2-Methoxy-4-vinylphenol G 150
2-methoxy-4-propyl-phenol G 166
Benzaldehyde, 4-hydroxy-3-methoxy G 152
Phenol, 2-methoxy-4-(1-propeny]l) G 164
Ethanone,1-(4-hydroxy-3-methoxyphenyl) G 166
Phenol,4-ethyl-2-methoxy G 152

propano 3-methoxy-4-hydroxyphenone G 178
Phenol H 94

Phenol, 4-methyl H 108

Phenol, 2-4-dimethyl H 122

Phenol, 4-ethyl H 122

4-vinylphenol H 120

2 mass/charge number of ions.

The characterization of cardoon lignin focused on its chemical and structural proper-
ties, with particular emphasis on the S/G ratio as a predictor of lignin reactivity. Lignins
with high S/G ratios, rich in syringyl units, are generally less cross-linked and more re-
active, making them suitable for chemical conversions. Conversely, guaiacyl-rich lignins
tend to form more condensed structures due to C-C (5-5) covalent bonds, which reduce
their reactivity. These trends have been confirmed by other literature studies [55,56],
highlighting the industrial relevance of optimizing S/G ratios for specific applications of
lignin-based materials.

The S/G values determined for each sample, namely lignin from untreated raw
material, non-catalyzed steam explosion (NCSE), acid-catalyzed steam explosion (ACSE),
and base-catalyzed steam explosion (BCSE), were reported in Figure 5.
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0.6
0.5

0.641

04 0.311

03 0.248
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0

Raw material NCSE cardoon ACSE cardoon BCSE cardoon
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Figure 5. Comparison of the syringyl/guaiacyl (S/G) ratio of lignin extracted from raw cardoon
biomass and under different process conditions of steam explosion. NCSE: non-catalyzed steam
explosion; ACSE: acid-catalyzed steam explosion; BCSE: base-catalyzed steam explosion.
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According to the literature, the S/G ratio is widely recognized as a key parameter
for lignin structural composition and reactivity, affecting its suitability for downstream
biotechnological and industrial applications. The raw cardoon lignin exhibits a relatively
low S/G ratio of 0.248, indicating a higher proportion of guaiacyl units compared to
syringyl units. This composition is consistent with previous studies on lignocellulosic
biomasses, such as eucalyptus and sugarcane bagasse, where guaiacyl units dominate [57].
The guaiacyl-rich structure forms a condensed lignin network, which poses challenges
for chemical valorization. The non-catalyzed steam explosion significantly increases the
S/G ratio to 0.641, suggesting a substantial shift in the lignin composition toward a higher
syringyl content. This shift likely results from the selective breakdown of guaiacyl units
under thermal and mechanical forces, as demonstrated by Sun et al. [58]. The enhanced
syringyl content improves lignin reactivity, making it more suitable for producing bio-
based chemicals or materials. The acid-catalyzed steam explosion yields an S/G ratio
of 0.311, significantly lower than that of the NCSE. Acidic conditions can lead to lignin
condensation, particularly among guaiacyl units, which reduces the syringyl content
and increases cross-linking. This aligns with observations by Wang et al. [59], indicating
that acid-catalyzed lignins may be less reactive but more thermally stable, making them
ideal for the production of carbonaceous materials. The base-catalyzed steam explosion
results in the highest S/G ratio of 0.853, indicating a pronounced enrichment of syringyl
units. Alkaline conditions are well-documented for selectively breaking guaiacyl linkages
while preserving syringyl units [55]. The high S/G ratio obtained under BCSE suggests a
more linear and less cross-linked lignin structure, which is advantageous for producing
biopolymers, adhesives, and aromatic chemicals. Differences in S/G ratios across the
three pretreatments highlight the need to tailor lignin isolation methods to the intended
applications. These findings demonstrate that lignin with a high S/G ratio, such as that
obtained through base-catalyzed steam explosion under the optimized process conditions,
is ideal for applications requiring high reactivity and lower cross-linking. Conversely, lignin
with a lower S/G ratio, like that from acid-catalyzed pretreatment, may be more suited
for thermally stable applications [60]. This study contributes to the increasing research
highlighting the important role of pretreatment conditions in determining the potential
structure and usability of lignin.

4. Conclusions

A face-centered composite design was used to optimize the fractionation of cardoon
biomass via acid or base-catalyzed steam explosion, varying temperature and catalyst
concentration. HySO; catalysis significantly improved cellulose hydrolysis and glucose
yield in the saccharification process carried out on the pretreated biomass, achieving a
value of 78 mol% at 200 °C and 25 mM H;SOy. Xylan recovery required a 50 mM catalyst
concentration but dropped at 220 °C due to thermal degradation. Base catalysis at 200 °C
and 25 mM NaOH also increased cellulose hydrolysability but reduced xylan recovery.
Optimal glucose yield of around 83 mol% was achieved in enzymatic hydrolysis after
a steam explosion carried out at 200 °C and 50 mM acid or 200 °C and 25 mM NaOH.
Acid catalysis enhanced xylan recovery, mainly as xylose monomers, while basic catalysis
favored the production of xylo-oligomers. The relevance of each outcome depends on the in-
tended biorefinery pathway: xylan recovery is advantageous when high-purity monomeric
hemicellulosic fractions are required for material or chemical applications, whereas xylo-
oligomers represent valuable intermediates for prebiotic, nutraceutical, or biochemical
markets. Therefore, both catalytic approaches offer benefits, but for different product
value chains. The optimal conditions for maximizing sugar yields were 196 °C and 50 mM
H)S0y, resulting in a glucose yield of around 80 mol% and a xylan recovery of 70 mol%.
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Base catalyst optimization indicated 204 °C and 39.4 mM NaOH for glucose recovery and
205 °C and 13.2 mM NaOH for both glucose and xylose coproduction. This study provides
key insights into optimizing cardoon biomass fractionation using acid- or base-catalyzed
steam explosion. In both acid and base catalysis, moderate CSF values (approximately
9.0-9.2) represented the optimal balance between cellulose hydrolysis efficiency and xylan
retention. In base catalysis, higher CSF values further enhance cellulose conversion but sig-
nificantly reduce xylan recovery; however, the increased syringyl content in base-catalyzed
lignins creates new opportunities for their use in high-value chemical sectors, which are
progressively focusing on lignin valorization to meet sustainability objectives. Future work
should focus on scaling up enzymatic hydrolysis at higher solid loadings to achieve higher
sugar concentrations, enabling more economically viable biorefinery processes. In parallel,
further research is needed to deepen the understanding of lignin structure and properties,
particularly under base-catalyzed conditions, to enhance its valorization and fully exploit
the potential of the entire biomass. These efforts will contribute to developing more efficient
and sustainable strategies for second-generation biorefineries.
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