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Abstract: One of the primary targets for the new lignocellulosic feedstock-based biorefinery is the
simultaneous valorization of holocellulose and lignin. Acidified organosolv treatment is among the
most promising strategy for recovering technical lignin, water-soluble hemicellulose, and cellulose
pulp with increased accessibility to hydrolytic enzymes. In this work, a design-of-experiment (DoE)
approach was used to increase the cellulose recovery, digestibility, and the delignification of Cynara
cardunculus L. feedstock. In the first treatment, the milled biomass was subjected to microwave-
assisted extraction using an acidified GVL/water mixture to separate lignin and hemicellulose
from cellulose. In the second treatment, the cellulose pulp was hydrolyzed by cellulolytic enzymes
to demonstrate the enhanced digestibility. At the optimal condition (154 ◦C, 2.24% H2SO4, and
0.62 GVL/water ratio), the cellulose pulp showed a cellulose content of 87.59%, while the lignin
content was lower than 8%. The cellulose recovery and digestibility were equal to 79.46% and
86.94%, respectively. About 40% of the initial hemicellulose was recovered as monosaccharides. This
study demonstrated the effectiveness of the two-step organosolv treatment for biomass fractionation;
however, as suggested by DoE analysis, a confirmative study at a low temperature (<154 ◦C) should
be performed to further increase the cellulose recovery.

Keywords: Cynara cardunculus L.; organosolv treatment; biomass fractionation; cellulose saccharifica-
tion; delignification; γ-Valerolactone

1. Introduction

Terrestrial plants have been receiving increasing attention due to their availability, and
since they are a source of energy and chemicals [1]. In order to avoid competition with the
food chain, plant biomass exploitation should focus on their lignocellulosic fraction. Cellu-
lose, hemicellulose, and lignin are the three main components of the lignocellulosic cell
wall, a complex and rigid structure with a protective function against natural agents and mi-
crobial attacks [2]. Lignocellulose is naturally recalcitrant to enzymatic deconstruction and
microbial fermentation, and an effective pre-treatment is required before any conversion
into biochemicals or biofuels [3]. Therefore, the extent of enzymatic hydrolysis is enhanced,
improving the overall economics of the conversion process [4]. Recently, a review study
evaluated the trends in hyperthermophilic-enzyme production and future perspectives for
the biofuel industry, suggesting that the use of hyperthermophilic enzymes/organisms
could reduce the energy employed for biofuel production and allow lignin valorization for
high-value chemicals. However, the economic feasibility of hyperthermophilic enzymes
for biofuel production needs to be further investigated due to the cost related to enzyme
manufacturing [5].
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Pre-treatment is the central technology in a biorefinery based upon the conversion
of biomass to energy and biochemicals [6]. The most commonly used pre-treatments,
individually or combined, are physical (e.g., microwave, liquid hot water, and irradiation),
chemical (e.g., acidic, alkaline, ammonia solution, and inorganic salts), and biological
(microbiological, enzymatic, and liquid digestate) [7]. The pre-treatment technology, as
well as the pre-treatment conditions, should take into account not only the saccharifica-
tion but also the possibility of fractionating the biomass into individual components in a
cost-effective and sustainable manner that preserves the value of each fraction [8]. Many
pre-treatment technologies, especially physicochemical, are mainly focused on carbohy-
drate valorizations, while lignin is underutilized or, even worse, degraded into valueless
forms [9–11]. The aqueous-only pre-treatments, such as dilute acid, liquid hot water, and
steam explosion, generate condensed lignin with CC linkages, formed before and after the
cleavage of β-aryl ether units under the acidic conditions of pre-treatment [12]. On the
contrary, alkali pre-treatments remove lignin from biomass, causing the polymer fragmen-
tation into smaller fragments. Accordingly, the lignin obtained from carbohydrate-focused
pre-treatments cannot be efficiently used in the synthesis of renewable bio-based polymers
and/or biofuels [13].

Solvent extraction developments are currently on a high display [14]. Organosolv pre-
treatment is not an exception and could represent a high-value opportunity to overcome
biomass recalcitrance and recover relatively pure lignin with high yield [15,16]. Organosolv
is a chemical treatment that uses numerous organic or aqueous solvent mixtures to solubi-
lize lignin and hemicellulose, yielding a cellulose-rich residue with increased accessibility
to hydrolytic enzymes [17].

The main solvents employed in the organosolv pre-treatment are short-chain aliphatic
alcohols (e.g., methanol, ethanol), polyols (e.g., glycerol, ethylene glycol (EG), triethylene
glycol), organic acids, acetone, dioxane, alkylene carbonates (ACs), N-methylmorpholine N-
oxide (or 4-methylmorpholine 4-oxide, NMMO), methyl isobutyl ketone (MIBK),
2-methyltetrahydrofurfuran (2-MTHF), and γ-Valerolactone (GVL). Some of these organic
solvents (such as methanol, ethanol, acetone, acetic acid, glycerol, and GVL) can be ob-
tained from renewable sources, enhancing the sustainability of biofuels and biochemical
production [18].

By adding a small amount of acid catalyst into an organic solvent, a mild pretreatment,
with reduced temperatures and reaction times, can be performed. The organic solvent
improves the acid catalytic activity, generating a porous residue with an easily accessible
and low degree of polymerization cellulose [19]. Lignin is extracted from the organic phase
by simply adding an anti-solvent, and the mild pretreatment conditions produce technical
lignin that can be used both for macromolecular application (e.g., synthesis of polyurethane
foams and phenol-formaldehyde resins) and as feedstock for chemicals and fuel additives
after its catalytic depolymerization [20].

GVL is a biomass-derived renewable and non-toxic solvent with a high boiling point
that provides thermal stability, a key parameter for avoiding high-pressure operations
and the risk associated with volatility and flammability of the solvents [21]. GVL can be
separated and recycled by CO2 extraction or by distillation, but the drawback is that more
energy is required than the process that uses a low boiling point solvent [18,22].

In a recent study, Mellmer et al. obtained a high yield of sugars by the deconstruction
of biomass in GVL at mild temperatures (e.g., 157–217 ◦C) using diluted concentrations
of mineral acids (e.g., 0.005 M) [23]. In another study, Shuai et al. used an 80/20 (w/w)
GVL/water solvent system to pre-treat hardwood at the mild temperature of 120 ◦C, using
75 mM H2SO4 as the acid catalyst. The pre-treated substrate was enzymatically hydrolyzed
with glucose and xylose yields of 90% and 97%, respectively. Meanwhile, up to 80% of
pure technical lignin was removed from the raw material due to lignin solubilization in
GVL. Notably, the cellulose digestibility was 3-times higher than when using other organic
solvents, such as tetrahydrofuran and ethanol, and 20-times higher than when using pure
water [24].
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The choice of lignocellulosic biomass is another crucial issue to consider in the biore-
finery facility. Sustainable biomass production is desirable to avoid possible fertile land
competition with food and feed industries [25]. Cardoon (Cynara cardunculus L., Asteraceae
family) is a perennial herbaceous species native to the Mediterranean region. Cardoon
is a non-food oilseed crop with interesting properties, such as relatively low crop input,
large biomass productivity (10–20 t ha−1 of dry biomass), and low moisture content. Its
characteristics and its ability to grow in marginal lands suggest its use as feedstock in
biorefinery facilities [26]. Previous studies used cardoon as feedstock for the production
of monosaccharides and biofuels, after a physicochemical pre-treatment, obtaining high
process yields [27,28]. On the contrary, very few studies used cardoon as feedstock in the
organosolv fraction process [29,30].

In this work, lignocellulosic residues of cardoon were fractionated through a two-step
process to obtain a fermentable carbohydrate and technical lignin. In the first step, the
milled biomass was subjected to microwave-assisted extraction (MAE) using an acidified
GVL/water mixture yielding a cellulose-rich pulp (CP) and a liquid phase containing
hemicellulose sugars and lignin. In the second step, the CP was hydrolyzed by cellulolytic
enzymes and the lignin was precipitated from the GVL/water mixture. The first step was
optimized by design of experiment (DoE), generating a central composite design (CCD).
The investigated factors were process temperature, catalyst concentration, and GVL/water
ratio. The combination of microwave-assisted GVL organosolv treatment and enzymatic
hydrolysis of lignocellulosic cardoon has not yet been reported, except for a preliminary
work performed by Gelosia et al. [31]. This study may pave the way to novel fractionation
processes in cardoon-based biorefinery, enabling the development of sustainable biofuels
and biochemicals.

2. Materials and Methods

The Cynara cardunculus L. residues were kindly provided by Matrica S.p.A (Porto
Torres, Italy) in dried form. The stems of the plant were milled using a laboratory rotary
blade mill (RETSCH, Haan, Germany) to obtain a powder with an average particle size of
1 mm, which was used as raw material (RM) for the experimentation.

All the reagents utilized in this work were analytical grade and they were purchased
from Sigma-Aldrich (Saint Louis, MO, USA). The Cellic® CTec2 enzymatic cocktail was
provided by Merck (Darmstadt, Germany). Deionized water and GVL were used as solvents.

The moisture analysis of solid samples was performed using a HB43-S Halogen Classic
plus (Mettler Toledo, Columbus, OH, USA). Monosaccharide concentrations were analyzed
using ultra-high performance liquid chromatography (UHPLC) with a Dionex UltiMate
3000 (Termo Scientifc, Sunnyvale, CA, USA) equipped with a Bio-Rad Aminex HPX-87H
column (Biorad, CA, USA). The flow rate and the temperature were set at 0.6 mL/min
and 50 ◦C, respectively. The refractive index detector, an ERC RefractoMax 520 (Thermo
Scientific, Waltham, MA, USA), was set at 50 ◦C. The mobile phase was a 0.01 N H2SO4
water solution. Fractionation of biomass was conducted using an Ethos One Microwave-
assisted extractor (Milestone srl, Sorisole (BG)—Italy). The enzymatic hydrolysis was
performed into a thermostatic incubator shaker (KS 4000i, IKA®, Staufen, Germany).

2.1. Production of CP, Hemicellulose-Derived Sugars Solution, and Lignin

The flowchart in Figure 1 shows the steps performed for treating cardoon by microwave-
assisted organosolv process.
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Figure 1. Process flowchart of the various steps performed to produce CP, hemicellulose-derived
sugars solution, and lignin.

The milled RM (2.5 g) was added to a PTFE vessel along with an acidified GVL/water
solution, using a 1:10 solid to liquid ratio. The acidified GVL/water solution was prepared
according to the DoE. The acid catalyst (H2SO4) was directly added to the GVL/water
solution to prepare different percent by mass solutions. The RM was treated at different
temperatures, following the DoE, for 30 min (plus 10 min of cooling) in the microwave
reactor. The treatment time was selected according to a previous study with an acidified
GVL/water mixture [32]. At the end of the reaction, the CP was separated from the
acidified GVL/water solution by vacuum filtration using a Büchner flask. The reaction
vessel and the CP inside the vacuum flask were rinsed with a total of 50 mL of fresh
GVL/water solution, the same used for treating the RM (minus the acid catalyst), to ensure
the maximum recovery of the reaction products. The CP was then washed with 200 mL
of deionized water at 60 ◦C to remove all traces of solvent and acid, and subjected to
enzymatic hydrolysis. The two GVL/water solutions (reaction and rinse) were collected
and the final volume was determined. An aliquot of this solution was diluted with water
five-fold to allow the self-association of lignin. The lignin was separated from the water by
centrifugation, and the water was analyzed for monosaccharides concentration.

2.2. Experimental Design

The DoE, based on the CCD with three factors (temperature, acid concentration, and
GVL/water ratio) and three levels (−1, 0, +1), was generated by statistical software Minitab
17 (Minitab, Coventry, UK).

The design comprised of 20 runs (Table 1) and it was built on a previous factorial
experiment [31] by adding axial (α = 1.633) and center points. Experimental data were
analyzed by Analysis of Variance (ANOVA) to determine the contribution of each factor
to the model and the correlation between them. The non-significant terms were removed
from the model by backward elimination procedure.
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Table 1. CCD for cardoon fractionation process.

Run Type T (◦C) Acid (% w/w) GVL/Water
(w/w)

1 −1, +1, +1 160 1.96 0.6
2 +1, +1, −1 180 1.96 0.4
3 −1, +1, −1 160 1.96 0.4
4 −1, +1,−1 160 0.98 0.4
5 −1, −1, +1 160 0.98 0.6
6 +1 −1, +1 180 0.98 0.6
7 0 170 1.47 0.5
8 0 170 1.47 0.5
9 +1,+1, +1 180 1.96 0.6

10 +1,−1, −1 180 0.98 0.4
11 0 170 1.47 0.5
12 0 170 1.47 0.5
13 0, (−1.633), 0 170 0.67 0.5
14 0, (+1.633), 0 170 2.27 0.5
15 (−1.633), 0, 0 154 1.47 0.5
16 (+1.633), 0, 0 186 1.47 0.5
17 0 170 1.47 0.5
18 0 170 1.47 0.5
19 0, 0, (−1.633) 170 1.47 0.34
20 0, 0, (+1.633) 170 1.47 0.66

Response Surface Methodology (RSM) was used for modelling the experimental
responses to get the optimal result, i.e., maximizing cellulose recovery (CR), saccharification,
and delignification (D) rate.

2.3. Enzymatic Hydrolysis

Enzymatic hydrolysis was carried out on the washed CP in a 100 mL flask using a
solid loading of 1% (w/w) [33]. In order to test the saccharification performance of CP,
an enzyme amount of 0.3 g for every g of cellulose was used. A final weight of 50 g for
each reaction was reached by adding a 45 mM citrate buffer solution (pH 5.0) and 0.2 g
of sodium azide solution (5%) as an antibacterial agent. The enzymatic hydrolysis was
performed at 50 ◦C under shaking condition (180 rpm) for 72 h. The hydrolysate solution
was separated from un-hydrolyzed CP by filtration, diluted to 100 mL, and analyzed for
monosaccharides concentration.

2.4. Analytical Procedure and Calculation

All the samples were characterized in triplicate according to the National Renewable
Energy Laboratory (NREL, Golden, CO, USA) analytical methods for biomass, in order to
evaluate their composition [34].

RM was characterized in terms of moisture, cellulose, hemicellulose, lignin, extrac-
tives, pectin, acetyl group, and ash content [35]. The CP and the aqueous solutions were
characterized for cellulose and hemicellulose content [35,36]. The C5 and C6 concentrations
in the aqueous solutions were measured by UHPLC. An acid hydrolysis with H2SO4 of
each solid sample (RM and CP) was performed to obtain C5 and C6 monomers from
cellulose and hemicellulose polymers, which were detected by UHPLC. The cellulose and
hemicellulose content as structural polymers was calculated by using an anhydrous correc-
tion factor of 0.88 (C5) and 0.90 (C6). The remaining acid-insoluble residue was used to
calculate the acid-insoluble lignin, after removing the ash content, by gravimetric analysis.

The CR was calculated as follows (1):

CR = CCP/CRM (1)
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where CCP is the cellulose content (g) in the CP and CRM is the cellulose content (g) in
the RM.

The hydrolysis yield (HY) related to saccharification of cellulose was calculated as
follows (2):

HY = Gh * Vh * 0.9/CCP (2)

where Gh represents the glucose concentration (g/L) in the hydrolysate, Vh is the volume
(L) of the hydrolysate, and 0.9 is the anhydrous correction factor for glucose. The D related
to lignin removal was calculated as follows (3):

D = 1 − AILCP/AILRM (3)

where AILCP is the acid-insoluble lignin content (g) in the CP and AILRM is the acid-
insoluble lignin content (g) in the RM.

3. Results and Discussion
3.1. Characterization of Raw Material, CP, and Aqueous Solutions

The RM presented a water content of 7.98% (w/w) and it was characterized in terms
of cellulose, hemicellulose, acetyls, lignin, ash, and extractives content. The result is shown
in Table 2:

Table 2. Cynara cardunculus L. composition before the organosolv treatment.

Cellulose
(g/100 g RM)

Hemicellulose
(g/100 g RM)

Acetyls
(g/100 g RM)

Lignin
(g/100 g RM)

Extractives
(g/100 g RM)

Ash
(g/100 g RM)

30.52 ± 0.15 17.17 ± 0.07 5.02 ± 0.12 14.21 ± 0.65 7.64 ± 0.40 8.80 ± 0.19

One remarkable result is the quantity of total extractives, which was relatively low for
this kind of annual plant. This result is desirable in the fraction process, since extractives
could interfere with the D step. The ash content was in the range of annual plants, which
vary from about 3–14% [37]. The lignin content was low and in accordance with the values
obtained by other authors, where the levels of lignin content ranged from 11.3 to 26.4%,
as reported by Ligero et al. [29]. Again, this result could be considered a positive finding
for the production of CP with the highest yield possible [38]. The holocellulose content of
RM laid within the typical range of the cardoon plant [39–41]. This value is high enough to
justify the use of cardoon as a source of biochemicals and biofuels in modern biorefinery.
The CP resulting from each run was characterized in term of cellulose, hemicellulose,
and lignin content (Figure 2). A complete table with all the figures is provided in the
Supplementary Material.

Interestingly, all the CP samples showed an excellent enrichment in cellulose, since the
cellulose content was always higher than 80%, with values that reached almost 100% in run
#1 and run #19. This result alone is enough to highlight the effectiveness of the extraction
process using acidified GVL/water mixture. Despite this, optimization is still necessary
since the CR was highly variable from sample to sample, as shown in Table 3. Harsh
treatment conditions remove the cellulose from RM, which is only partially recovered in
the aqueous solution due to degradation reactions. In this regard, run #16 was not analyzed
as the CP was in carbonized form, suggesting that it would make no sense to perform
harsher treatment conditions than the ones tested.
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Figure 2. Characterization of CP after organosolv MAE. The enrichment in cellulose was higher than
80% for all the tested conditions.

Table 3. Cellulose recovered in the CP (CR), hemicellulose solubilized in the water phase, saccharifi-
cation rate of the CP (HY), and delignification (D) rate of the RM after organosolv MAE.

Run CR (%) Solubilized Hemicellulose
(g/100 g RM) HY (%) D (%)

1 79.21 5.63 91.77 91.40
2 29.82 0.71 94.72 78.53
3 88.81 5.93 88.75 66.38
4 75.17 7.12 67.95 51.92
5 76.27 3.83 44.82 91.31
6 53.97 1.82 75.31 89.07
7 66.63 2.17 70.33 86.17
8 62.07 2.69 82.11 83.09
9 1.07 0.17 - 1 97.39
10 53.31 2.10 55.15 86.77
11 65.49 2.6 73.06 89.15
12 57.79 1.88 74.81 89.44
13 97.29 7.85 39.32 68.59
14 40.67 0.93 86.70 93.46
15 83.16 7.32 74.14 69.20
16 0.00 0.00 0.00 - 1

17 63.21 2.81 82.38 87.42
18 58.08 1.19 86.07 86.60
19 64.31 4.04 100.00 94.30
20 41.33 1.40 79.02 88.54

1 Data are not shown since the analysis was not performed.

The goal was to maximize the cellulose enrichment and the CR to obtain almost pure
cellulose pulp, which could be used in other biorefinery processes, such as glucose and
NCC production [42,43]. The cellulose enrichment was directly connected to the D rate and
the hemicellulose solubilization. Lignin is an important fraction that needs to be properly
valorized as it is a building block for the synthesis of a large spectrum of biomaterials [44].
The organosolv fractionation carried out in this study allowed the removal of up to 97.39%
of lignin, as reported in Table 3. The D rate seemed to be more substantial at higher GVL
and acid concentrations, and temperatures. For example, the lowest D value (51.92%) was
obtained by run #4, which was the run with the lowest test setting for each factor. On the
other hand, the run with the highest test setting (run #9) achieved the best D value and the
worst CR value, meaning that increasing the values of the three factors all together was
counter-productive.
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The GVL, as an organic solvent, solubilizes lignin without reducing its degree of
polymerization, so the structure and chemical properties of the lignin are unaffected [45,46].
The high temperature supports the lignin solubilization in GVL [47], while the acid catalyst
promotes the break of lignin-hemicellulose ether linkages (β-O-4) [48]. In addition, the acid
catalyst enhances the so-called water autohydrolysis process [49], which occurs at elevated
temperature and pressure leading to the hydrolysis of polysaccharides, especially hemicellulose.

As shown in Table 3, the higher the CR, the higher the solubilized hemicellulose
was. For example, run #13 achieved the best CR and solubilized hemicellulose values.
However, the hemicellulose recovery was below 50% for all runs performed due to the
degradation of hemicellulose-derived sugars, which was driven by severe treatment condi-
tions [50]. For that reason, the solubilized hemicellulose value was not used for modelling
the experimental response, since it was assumed to be related to the CR value.

3.2. Enzymatic Hydrolysis of CP

Despite the high enrichment in cellulose achieved, the extent of the saccharification
considerably changed under all operating conditions investigated. The enzymatic hydroly-
sis of run #9 was not performed because of the low CR value (1.27%), so there are no data
for this sample concerning HY.

As shown in Table 3, the HY seemed to be correlated to the D rate and the hemicellulose
solubilization, since some of the samples with the highest cellulose content showed high
HY (e.g., runs #1, #14 and #19). The HY performance is influenced by the presence of lignin,
since it has been reported that high lignin content hinders enzymatic hydrolysis through
physical inhibition and non-specific adsorption in enzymes [51,52]. However, other works
on enzymatic hydrolysis using pre-treated material with a high lignin content have shown
a high saccharification rate [31,53]. Therefore, changes and modifications of lignin operated
by organosolv pretreatment could play an important role in HY. It has been suggested
that these structural changes in lignin improve enzymatic hydrolysis through an increase
in pore volume and surface area. It has also been reported that changes in lignin inhibit
enzymatic hydrolysis through irreversible adsorption with cellulase [54]. For example, run
#2 achieved a high HY and a low D rate, but run #5 showed the opposite situation. That
being said, it is a well-known fact that the pre-treated material has a superior HY than the
un-treated material, meaning that some change in biomass structure is needed before the
saccharification process [9].

Figure 3 suggests that there could be a positive correlation between acid concentration
and HY, which has to be confirmed by following statistical analysis. The different hydrolysis
yields observed at the same acid concentration depend on the values assumed by the
other two process variables, especially temperature. The enzymatic saccharification of
lignocellulose occurs by a complex pathway of reaction between enzymes and the activated
cellulose surface. The accessible surface area of cellulose is the most crucial factor affecting
the rate of enzymatic hydrolysis reaction and the yield of glucose [55].

Although the exact role of crystalline index in biomass recalcitrance is still under
debate, it is generally believed that complete amorphous cellulose is hydrolyzed much
more easily than crystalline cellulose [56]. The presence of acid promotes the cleavage
of the glycosidic bond, lowering the crystalline degree of cellulose fibers and making
them more digestible. The shorter cellulose chains have more reducing ends and are more
easily attacked by enzymes [57]. Because of the factors mentioned above, run #1 and run
#19 achieved an HY of 91.77% and 100%, respectively, demonstrating that CP with high
cellulose content is also extremely digestible. Further confirmation of the role of acid in
HY was given by run #5 (low acid concentration), which had a respectable enrichment in
cellulose and CR, but a very low value of HY (47.17%).



Sustainability 2021, 13, 8714 9 of 16

Figure 3. Saccharification rate of the CP (HY) at increasing H2SO4 concentrations. The HY seems to have a positive
correlation with the acid concentration.

3.3. Design of Experiment

The RSM was employed for the statistical modeling and optimization of CR, HY, and
D. The experimental data obtained from the 20 runs were used to calculate the main effect
of the variables (temperature, acid concentration, and GVL/water ratio) on responses. Run
#16 was not added to the response surface design for the D rate. The gravimetrical analysis
gave a non-specific result due to the carbonization of samples. On the contrary, the charac-
terization analysis and the enzymatic hydrolysis test were performed on the carbonized
sample, yielding a value equal to zero in both cases. These figures were employed for the
CR and the HY analyses. As discussed above, there was no information concerning the HY
of run #9, so the response surface design for the HY excluded this sample.

The backward elimination method with a significance level of 0.1 was used for re-
sponses analysis, generating the following multiple linear regression Equations (4)–(6):

D% = −5.36 + 0.0341 T + 0.829 Acid + 9.76 GVL/water − 0.0541 T*GVL/water (4)

HY% = −35.1 + 0.426 T + 2.730 Acid − 0.001279 T*T (5)

CR% = −21.31 + 0.2455 T + 42.23 Acid + 0.948 GVL/water − 0.000689 T*T − 0.2324 T*Acid − 10.03 Acid*GVL/water (6)

The multiple linear regression equations explained the total deviance in the responses
quite well, especially for CR, and the results are shown in Table 4.

Table 4. Model statistics for CR, HY, and D.

Statistics CR HY D

R2 93.37% 57.06% 58.27%
R2 adj 90.32% 48.47% 46.35%

The residual plots analysis did not show particular issues, except for run #16 and
run #2, which produced large residues in the HY and D models, respectively. These two
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samples, along with sample 9 (no information for HY response), shared a high process
temperature, suggesting that the design matrix for temperature was too large, and shifted
towards a temperature that was too high. Therefore, the coefficients R2 and R2 adj for HY
and D were under 60% since the models were not able to describe the behavior of the data
at high temperatures.

The HY Equation (5) shows that the enzymatic hydrolysis is independent from the
GVL/water ratio, confirming what was observed and discussed in previous research work
performed by the same authors [31].

The Equations (4)–(6) were used to predict the optimal response under the range of
the investigated variables. Figure 4 shows the optimization plot for the three responses
investigated. The optimization plot shows how different experimental settings affect the
predicted responses for a stored model. Minitab searches for variable settings with higher
composite desirability, i.e., optimal solution. In this case, the optimal solution is given by
simultaneously maximizing the three responses (CR, HY, and D). The vertical red lines
on Figure 4 represent the current factor level settings (the numeric value is displayed in
red at the top of the column) of the optimal solution, and the horizontal blue lines and
numbers represent expected responses. The composite desirability for all the responses
was equal to 0.87, which indicates that a favorable result can be obtained at the proposed
factor level settings.

Figure 4. Optimization plot for maximizing HY, D, and CR. A maximum composite desirability of
0.87 is achieved at a temperature of 153 ◦C, acid concentration of 2.24% (w/w), and GVl/water ratio
of 0.62.

The optimal conditions suggested by the optimization plot were 154 ◦C, 2.24% acid
concentration, and 0.62 GVL/water ratio. The responses predicted with a 95% confidence
interval for HY, CR, and D were 82 ± 12.5%, 78 ± 10.8%, and 97 ± 8.2%, respectively. The
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large standard error is probably a consequence of the temperature range, as discussed
above. Indeed, Figure 4 outlines that a temperature below 153 ◦C could increase the CR.

With regard to acid concentration, Figure 4 shows a very slight increase in CR at higher
concentrations. In reality, the addition of more catalyst in the process could decrease the
CR because of the acid hydrolysis of cellulose, a well-documented reaction in the academic
field [58]. At the optimal temperature (154 ◦C), the acid concentration positively affected
the D rate, which almost reached its maximum value. Therefore, it seems unnecessary to
carry out tests at a higher acid concentration. In terms of lignin removal (D), the GVL/water
ratio was the most influential factor, as the D value increased considerably at a higher
concentration of GVL. The investigated GVL/water ratio seemed correct since its composite
desirability reached a steady state at a value (0.62), lower than the maximum tested.

However, a confirmatory study could better confirm these findings and what was pre-
viously discussed. This study, using a lower temperature range than that tested (<160 ◦C),
could provide more accurate multiple linear regression equations (higher coefficient of
determination) and, so, a truer optimal solution.

In order to test the validity of the models, the RM was treated using the optimal
condition suggested. The organosolv MAE treatment was performed in triplicate, and
average outcomes are shown in Table 5. Table 5 shows the characterization of CP, the
concentration of polymers (cellulose and hemicellulose) in the aqueous solution, and the
three experimental responses. The CP was almost entirely made up of cellulose (87.59%),
and the lignin and hemicellulose content was very low (<10%), demonstrating that the
acidified GVL/water solution can perform D and hemicellulose solubilization efficiently.

Table 5. Average outcomes of samples obtained by treating the RM with the optimal condition suggested by optimization
plot. The organosolv MAE treatment was performed in triplicate.

CP Characterization (%) Solubilized Holocellulose
(g/100 g RM) CR HY D

Cellulose Hemicellulose Lignin Cellulose Hemicellulose 79.46 ± 4.23 86.94 ± 4.14 80.14 ± 3.44

87.59 ± 3.83 5.06 ± 1.38 7.34 ± 2.57 1.10 ± 0.2 6.32 ± 1.21

Due to its composition, the CP could be easily bleached to produce pure cellulose
pulp. For example, Moral et al. performed a mild bleaching process (chlorine-free, energy-
saving, water-saving) which obtained paper sheets with a high relative brightness [59]. The
pure cellulose obtained after the acidified organosolv treatment and light bleaching could
be employed for the production of added-value product such as NCC (nanocrystalline
cellulose) [60].

The CR value was similar to the one predicted by Equation (6), but with a lower
deviation, meaning that the model describes the CR response well. Only 3% of cellulose
(1.10 g/100 g RM) was found in the aqueous solution, so the remaining 17% of cellulose
was degraded by the severe treatment conditions. As discussed above, the CR value could
be further increased by treating the RM at lower temperatures. The obtained mean values
for HY and D were slightly different from the predicted ones, confirming the hypothesis
discussed concerning the two models. Again, the standard deviations were lower than
expected and surprisingly, the HY value (≈87%) was about 5 percentage points higher
than predicted. This is a positive finding since the HY could also substantially remain
unchanged at lower temperatures. In combining the CR value with the HY value, a glucose
yield of 23.42 g/100 g RM can be achieved (70% of the theoretical value). In addition, the
glucose released from the CP, after enzymatic hydrolysis, can be converted into biofuel by
fermentation processes.

The D value was equal to 80.14%, moderately lower than expected but still decent. It
could likely be enhanced by increasing the GVL/water ratio. The high D rate produced a
GVL/water solution rich in solubilized lignin and solubilized sugars. The solution can be
further fractionated to separate the lignin-containing GVL phase from the sugar-containing
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aqueous phase. Luterbacher et al. proposed an efficient way to separate GVL from water
using CO2 extraction. By diluting five times the GVL with water, the lignin precipitation
was observed. The precipitated lignin was characterized by 2D HSQC NMR, showing a
composition very similar to native lignin [61]. Alternatively, the lignin-containing GVL
can be directly used to produce lignin nanoparticles/nanospheres by dropping or dialysis
process [62,63].

The sugars recovered in the aqueous phase were primarily derived from hemicellulose,
whose final recovery was about 40% of the initial value. These sugars can be upgraded
through catalytic dehydration to furfural and HMF, which have the potential to serve as
substitutes for petroleum-based building blocks [64,65].

HMF, furfural, and others chemical precursors produced as by-products during
biomass treatment can be used to synthesized GVL. Thus, due to a bio-derived produc-
tion and efficient solvent recovery strategy, GVL has the potential to be used in current
bio-refineries under the closed-loop approach. As proposed by Tirath et al., who per-
formed a techno-economic evaluation and environmental analysis, GVL-assisted biomass
pretreatment could pave a way for low-cost future biorefinery [66].

Table 6 shows the response variables investigated in this work for several types of
biomass that underwent organosolv treatment using different solvents. Different biomass
types display very different compositional characteristics, so a confrontation among them
can only be approximate. The CR value obtained in this experimentation was the lowest,
but it could be upgraded by lowering the treatment temperature. Interestingly, the D power
of GVL was superior to the glycerol and cardoon treated with ethanol. The ethanol/water
mixture showed a better D rate only on xylan-free cardoon, which was previously pre-
treated with an acidified aqueous solution. With regard to HY values, the data are not
complete, and whilst the catalyst concentration plays an important role, it seems that
treating biomass with GVL produces a CP more digestible than the one obtained by ethanol
organosolv. On the contrary, it is not possible to make a general assumption concerning
the glycerol, since the HY value changes based on the biomass treated, with the minimum
value very similar to that obtained in this experimentation.

Table 6. Organosolv treatments for fractionation and saccharification of different lignocellulosic biomass.

Biomass Solvent/Water
(w/w)

Catalyst
(% w/w) T (◦C) Time

(min) CR HY D Ref.

Sugarcane
bagasse

Glycerol/water
(78.8/20) HCl (1.2) 130 60 94 87.9 33.5 [18]

Wheat straw Glycerol/water
(70/30) - 220 180 98 90 65 [18]

Eucalyptus
globulus

Glycerol/water
(56/44) - 200 69 92 98 64.3 [18]

Bamboo Ethanol/water
(66/34) H2SO4 (2) 180 30 84.5 77.1 87.2 [67]

Cardoon
(xylan-free

solid) a

Ehanol/water
(42.8/57.2) NaOH (3.5) 171 196.7 90 - 96 [30]

Cardoon Ethanol/water
(25/75) H2SO4 (0.05) 130–170 45–90 92–97 max 58 max 50 [68]

Birch sawdust GVL/water
(50/50) H2SO4 (0.5%) 150 45 84.4 - 92 [32]

a Obtained after mild acid hydrolysis with H2SO4.
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4. Conclusions

In this work, Cynara cardunculus L. was used as a potential raw material to produce
a cellulose-enriched pulp and technical lignin through acidified organosolv treatment.
Process conditions were optimized using response surface methodology. At the optimal
condition (154 ◦C, 2.24% H2SO4, and 0.62 GVL/water ratio), the cellulose recovery and the
delignification rate were 79% and 80%, respectively. The resulting cellulose pulp showed a
cellulose content of 87.59%, which was efficiently hydrolyzed by cellulolytic enzymes, pro-
ducing 23.42 g of glucose/100 g RM (HY of 86.94%). About 40% of the initial hemicellulose
was recovered as monosaccharides in the aqueous phase. The collected data showed that
the GVL/water ratio was the most relevant factor regarding the delignification potential,
while it did not influence the HY, which increased by raising the acid concentration. Inves-
tigating lower process temperatures (<154 ◦C) could also be useful for enhancing cellulose
recovery and refining the predictive models.

Organosolv using an acidified GVL/water mixture appears to be a promising treat-
ment and worthy of further development. This would focus on the use of the cellulose-
enriched pulp for the production of added-value products, such as cellulose nanocrystals,
and the characterization of the technical lignin precipitated from the GVL phase.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13168714/s1, Table S1: CP characterization after organosolv treatment.
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