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Abstract: Alkaline pretreatments are considered highly effective for the separation of the different
components of lignocellulosic biomass. However, cold alkaline extraction (CAE) exhibits minimal
modification/degradation of hemicellulosic fraction and successfully accomplishes efficient delignifi-
cation. In this research, the fast-growing clone AF2 of Populus x euramericana wood was utilized as the
raw material and subjected to ultrasound-assisted CAE. The objective of incorporating ultrasound
into cold alkaline extraction is to increase the yield of a hemicellulosic-rich liquid phase that can be
used to produce high-value products such as furfural or xylitol. Simultaneously, it aims to obtain a
solid phase with a higher calorific value compared to the raw material. The results, obtained from a
central composite factorial design, demonstrated that the CAE process for 90 min at a sodium hydrox-
ide concentration of 100 g L−1, a temperature of 30 ◦C, and with ultrasound assistance maximized
hemicellulose extraction in the liquid phase (60.8% was extracted) and improved the heating value of
solid phase.

Keywords: biomass; delignification; hemicelluloses; pre-treatment; ultrasound

1. Introduction

International commitments of the European Union to mitigate climate change have
promoted a search for clean, renewable energy sources including biomass [1]. More than
60% of the amount of energy produced from biomass in the world is obtained from renew-
able sources, which account for up to 19.3% of the whole energy output [2]. The use of
lignocellulosic biomass has expanded steadily in recent times and is expected to continue to
grow in the coming years by virtue of the value-added products that can be obtained from
chips, pellets, biogas, and other biorefinery materials [3,4]. However, conventional agro-
forestry systems cannot by themselves meet the growing demand, so fast-growing woody
species are being increasingly planted for this purpose [5]. In this scenario, converting
biomass through biorefinery processes has a high potential judging by their sustainability,
and also by the fact that they use waste materials to provide alternative energies and high
value-added products according to the principles of sustainable development [6,7]. In
addition, commitments to a circular economy, the need to reduce the dependence on raw
materials from non-renewable fossil resources, and the consequences of climate change
all necessitate the adoption of novel technologies within conventional production sectors.
This transition aims to supplant the prevailing industrialization model with efficient use of
natural resources as far as possible [8,9].

A number of plant species of the genera Populus, Salix, Eucalyptus, Miscanthus, Cynara,
Paulownia, Robinia, Casuarina, and Leucaena, among others, are being used as short-rotation
energy crops on a global scale [6,10,11]. Some are multi-purpose species that provide a

Forests 2024, 15, 109. https://doi.org/10.3390/f15010109 https://www.mdpi.com/journal/forests

https://doi.org/10.3390/f15010109
https://doi.org/10.3390/f15010109
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-5251-1721
https://orcid.org/0000-0003-1375-1578
https://orcid.org/0000-0002-1389-2779
https://doi.org/10.3390/f15010109
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f15010109?type=check_update&version=1


Forests 2024, 15, 109 2 of 16

variety of goods such as forage or paper pulp, and services such as soil restoration or
carbon sequestration. These industrial lignocellulosic crops are expected to cover 5–10% of
the global forest area by 2050 [12]. In Europe alone, farmland has undergone degradation
to such an extent that 45% of its soils have low organic matter contents (<2%); also, 15%
have problems due to over-fertilization with inorganic nitrogen, and more than 147 million
hectares are seriously eroded [13]. Fortunately, at least 70% of all degraded land is under a
climate allowing plants such as Robinia pseudoacacia, Ulmus pumila, Eucalyptus sp., and/or
Populus sp. to grow. It can thus be useful to assess biomass production, industrial use, and
the environmental impact of their intensive production on already poor, degraded soils
with a view to their potential exploitation [14]. The limited research carried out in this area
has indicated that the results are influenced by specific plant species, cultivation conditions,
and environmental factors [15,16].

Recent studies have shown the genus Populus can easily adapt to varying environ-
mental conditions; also, it possesses a high hybridization capacity and ease of vegetative
propagation. These advantages, together with its fast growth, have boosted the develop-
ment of a very broad clonal offer that allows clones to be selected for optimal growth at
specific sites and for specific purposes [11].

The principal components of lignocellulosic biomass are cellulose, hemicellulose, and
lignin. All of these components have the potential to yield high-value products. However,
achieving this goal necessitates the utilization of a biorefinery scheme for the selective
separation and recovery of these fractions [17]. Often, it is particularly useful to carry out
the fractionation in two steps. The first step involves hydrolysis under relatively mild
conditions to extract the hemicelluloses (which have low resistance). Additionally, this
helps prevent excessive degradation of cellulose fibers. The second step involves oxidative
delignification or organosolv treatment to remove the lignin fraction [18]. Among the
various pretreatment methods available, alkaline pretreatment offers significant advantages,
including the use of environmentally friendly and non-corrosive chemicals, as well as
milder operating conditions [19]. Cold Alkaline Extraction (CAE) is one such pretreatment
that offers the added benefit of yielding hemicelluloses for use as food additives or in
the production of furfural and polymers [12]. The CAE, conducted at 20-40 ºC, does not
necessitate high pressures, resulting in reduced energy consumption [20]. Nevertheless,
the primary advantage of CAE compared to other biomass fractionation techniques lies
in its capacity to selectively extract hemicelluloses with minimal degradation and enable
straightforward separation through alcoholic precipitation [21].

However, CAE has its disadvantages, and the most significant one is likely its effi-
ciency, which strongly depends on the specific raw material. This pretreatment has been
extensively studied for various applications, and it has been observed that the extrac-
tion of hemicelluloses is more efficient in herbaceous lignocellulosic materials than in
wood [21–24].

The pretreatment’s effectiveness can be enhanced through supplementary procedures,
including prehydrolysis, impregnation, or novel techniques such as ultrasound-assisted
extraction, sub-critical and supercritical fluid extraction, microwave-assisted extraction, or
solvent-accelerated extraction [25,26]. The application of ultrasound can be employed as ei-
ther a pretreatment step or during the treatment process, providing a clean and eco-friendly
extraction method with several benefits [25,27]. Extraction is improved by the transmission
of ultrasound, which induces acoustic cavitation. This, in turn, triggers the spontaneous
creation of microbubbles. When these microbubbles collapse, they produce localized shock
waves and hot spots, releasing high temperatures and pressure. This disintegrates the
crystalline structure of solid particles [28]. Ultrasound-assisted fractionation improves the
efficiency of conventional processes, and results in a high product yield and selectivity [29].
A. García et al., 2011 [29] investigated various lignocellulosic biomass fractionation pro-
cesses with ultrasound assistance. The results showed that this technology produced a
liquid richer in hemicelluloses and lignin compared to when it was not used.
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On the other hand, direct combustion is a method for generating chemical energy.
This process leads to the emission of CO2, particulate matter, sulfur dioxide, and other
compounds. However, the quantities released are relatively lower than those produced by
the combustion of fossil fuels [30,31].

There are numerous scientific investigations on the extraction of hemicellulosic deriva-
tives using various alkaline processes, both with and without ultrasound assistance [32,33].
In this work, we combined a cold alkaline treatment with ultrasound technology. This
approach lacks references in the literature, representing a significant aspect of academic
originality and scientific novelty. Furthermore, the efficiency of CAE is highly dependent
on the raw material used, adding another point of scientific and academic novelty when
testing these processes on a raw material such as the AF2 clone of Populus x euramericana.
To the best of the authors’ knowledge, there are no bibliographic references exploring
its utilization for the simultaneous valorization of the hemicellulosic liquid and energy
application of the solid residue, despite numerous studies on the value-added product of
hemicellulosic, as demonstrated by A. Tareen et al., 2020 [34]. The AF2 clone of Populus x
euramericana is a high-yield energy crop, and optimizing the conditions for the industrial
biorefinery process holds great potential, especially for potential scaling to a semi-industrial
or industrial level of exploitation.

For these purposes, the AF2 clone of Populus x euramericana was evaluated as a raw
material for hemicellulose extraction using CAE, both with and without ultrasound assis-
tance. The process included modeling and optimization through multiple regression, a
widely employed approach for optimizing biomass and waste stream valorization [35,36].
The aim was to obtain a high-value liquid fraction and energy from the resulting solid
residue, within the context of comprehensive utilization (biorefining).

2. Materials and Methods
2.1. Characterization and Storage of Raw Materials

The raw material utilized was wood from the AF2 clone of Populus x euramericana,
from the province of Huelva, located in southwestern Spain. The material was subject
to cold grinding in a Resch mill for 4 min and then sieved to obtain chips approximately
1–3 cm long and 0.5 cm wide. These chips were allowed to equilibrate with ambient
moisture and temperature before being stored in tightly closed containers during the
period between obtaining the wood chips and their use in the CAE process.

For characterization, the chips were further ground to a size of less than 0.5 mm using
an Ika Werke mill. Tests were conducted following international standards, including
TAPPI T264 cm-07 for moisture [37], TAPPI 211 om-02 for ash [38], and TAPPI T204 cm-07
in combination with Soxhlet extraction (95% ethanol, 5 h) for extractives [39].

Following gravimetric testing, the material was subjected to quantitative acid hydrol-
ysis with 72% H2SO4, and the hydrolysate was analyzed for monomeric sugars (glucose,
xylose, and arabinose) according to TAPPI T249 cm-09 [40]. This analysis was conducted
using high-performance liquid chromatography (HPLC) with an AMinex HPX-87H ion-
exchange column (Bio-Rad Laboratories, Alcobendas, Madrid, Spain) at 30 ◦C as the sta-
tionary phase and 0.005 M H2SO4 at a flow rate of 0.6 mL min−1 as the mobile phase [41].
Klason lignin was determined following the guidelines of TAPPI T222 om-11 [42].

2.2. Cold Alkaline Extraction (CAE) with and without Ultrasound

Hemicelluloses were subjected to CAE in a Power Sonic Series 500 ultrasonic bath,
using a constant liquid/solid ratio of 15 Kg of water per kg of raw material on a dry basis
(odb). The independent operational variables of the process were temperature (20, 30, or
40 ◦C), time (30, 60, or 90 min), and sodium hydroxide concentration (80, 100, or 120 g L−1).

The resulting CAE liquor was filtered, and the solid residue was washed with water.
Then, the solid fraction was air-dried to determine moisture content and weighed to
calculate the process yield. The solid fraction underwent chemical characterization using
the same test as the raw material. Additionally, it was analyzed for calorific value following
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CEN/TS 14918:2005 E [43] and UNE 16001 EX [44]. This analysis used a Parr 6300 automatic
Isoperibol calorimeter (Parr Instrument Company, Moline, IL, USA), a CGA 540 connector,
99.5% pure oxygen, and a maximum pressure of 2500 psig. Furthermore, the solid was
subjected to elemental analysis (C, N, O, and H) using a C/H/S-Analyser autosampler
Eltra Helos.

The statistical dispersion of the results from chemical and energetic characterization
will not be analyzed using the typical parameters of univariate statistics (standard devi-
ation). As this is a multivariate modeling approach aimed at replicating experimental
results, it is important to take into account the dispersion between the experimental values
and those calculated using the models detailed in Section 2.3, expressed in terms of the
coefficient of variation. The analysis and discussion of this coefficient will be conducted in
the results section.

2.3. Modeling and Optimization by Multiple Regression-Experimental Design

The CAE process was modeled by multiple regression with provision for linear,
quadratic, and interaction terms among the independent variables:

Y = a0 +
n

∑
i=1

biXni +
n

∑
i=1

ciX2
ni +

n

∑
i=1,j=1

dijXnixnj (i < j) (1)

The number of tests needed was decreased and covariance between variables was
reduced by using a central composition design with N tests such that N = 2n + 2·n + nc, 2n

being the number of points constituting the design, 2·n that of axial points and nc that of
central points. The effect of the different ranges spanned by the variables was suppressed
by normalizing their values to 0, 1, and –1 with the following equation:

Xn =
X − X

(Xmax − Xmin)/2
(2)

where X, X, Xmax, and Xmin represent the value of a particular independent variable, and
its mean, maximum, and minimum values, respectively. The dependent variables under
examination included yield, glucan, xylan, Klason lignin, and lower heating value (LHV).

The statistical models developed in this study to represent the various dependent
variables should exhibit globally significant model values, such as the R-squared (R2) and
Snedecor F statistics, that are sufficiently high for the models to have statistical relevance.
The “appropriate” threshold for these statistics will vary depending on the type of results
and models used, whether working with variables of a more “social” nature or more deter-
ministic ones, as in laboratory experiments. However, in the context of our study, values of
R2 greater than 0.85 and Snedecor F values above 5 are considered very appropriate. In
the results section, the statistical significance of each model will be addressed according to
these criteria. Furthermore, the statistical importance of each coefficient associated with
the independent variables will be evaluated. In this context, a conventional criterion is
used, which considers an independent variable to be statistically significant in the model
when its significance level “p” is less than 0.05 or the value of the Student-t test is greater
than 2. The variables included in the models presented in the results section adhere to this
conventional criterion.

Furthermore, in order to simplify interpretation, polynomial equations were employed
to generate response surfaces. These surfaces were created by plotting two of the three
independent process variables on two horizontal axes while displaying the maximum
and minimum levels of the third independent variable. This enables a comprehensive
representation of the entire range of variation for each dependent variable in relation
to all independent process variables (in our case, alkali concentration, treatment time,
and temperature).
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3. Results and Discussion

The initial hypothesis was that the cold alkaline extraction (CAE) of clone AF2 of
Populus x euramericana would be more efficient than that of other woody species such as
eucalyptus (the reference species here). Furthermore, it was hypothesized that the use of
ultrasound during the process would result in increased extraction of hemicelluloses in the
liquor. If the process were highly selective for hemicelluloses, there would be the additional
benefit of an increased calorific value in the solid residue from CAE. This hypothesis was
tested by analyzing the raw material and modeling the results obtained with and without
ultrasound for comparison.

3.1. Chemical Characterization of the Raw Material

As previously mentioned, Populus x euramericana is a tree species with a wide range of
clones [45,46]. In this work, we selected clone AF2 due to its fast growth and adaptability.
Under the conditions described above, this clone yielded over 25 tons of dry biomass
per hectare per year when harvested at 3-year intervals. The biomass used in this study
primarily consisted of stems and branches with a thickness of 2.5–10.0 cm, accounting
for 67.5% of the total biomass. The bark content of the biomass, which should ideally be
minimized to maintain quality, ranged from 31% in the thickest stems to 12% in those
5.0–10.0 cm thick. The primary criterion for selecting this poplar clone was its sustainability
as a crop. Indeed, after 9 years, the target plantation had significantly improved soil quality
by increasing the organic matter content by 0.23 percentage points (from 0.80% -typical
values in poor soils- to 1.03%) and the nitrogen content by 0.03 percentage points (from
0.12% to 0.15%).

Table 1 displays the results of chip characterization and compares them with the
results from Constantí et al., 1998 [47] for the Populus genus and those from studies on other
lignocellulosic raw materials conducted elsewhere. These results represent various raw
materials obtained prior to the extraction process and were acquired by different authors
following international standards (TAPPI standards). The table also shows the higher
heating value (HHV) for the clone and the other materials. Additional determinations for
AF2 included the contents of extractives soluble in 1% NaOH (22.3%, -1.95-), hot water
(4.22%, -0.12-), and ethanol–acetone mixtures (2.8%, -0.15-). The similarity between the
content of xylan and that in NaOH-soluble extractives suggests that the hemicellulose
fraction of the studied clone is primarily composed of that polysaccharide. The elemental
composition of the biomass was 6.11% hydrogen (H), 0.00019% sulfur (S), 48.67% carbon
(C), and 44.13% oxygen (O).

As shown in Table 1, the lignin and xylan contents of the clone exceeded those of most
of the species compared, especially the reference material (E. globulus) and the Populus
species examined by Constantí et al., 1998, and Ebringerová et al., 2010 [47,48]. These
differences are quite normal as the materials had different natures despite their common
origin. In line with the results of Constantí et al., 1998, and Ebringerová et al., 2010 [47,48],
clone AF2 contained no arabinan. Additionally, its α-cellulose and glucan contents were
slightly lower, yet still similar to those of E. globulus and those reported by Constantí et al.,
1998, and Ebringerová et al., 2010 [47,48] for a different Populus species. In contrast, the
higher heating value (HHV) significantly exceeded that of most of the other materials,
including E. globulus.

3.2. Cold Alkaline Extraction of Hemicelluloses with and without Ultrasound Assistance

Table 2 presents the yields, glucan, xylan, and lignin results obtained at each point in
the experimental design for the CAE process with and without ultrasound. The values in
the table are expressed as a percentage of each polymer in the initial raw material. They
could be converted into percentages relative to the raw material by multiplying the value
by the corresponding amount in the initial raw material and dividing by 100. However,
if this value is divided by the yield and then multiplied by 100, it would represent the
percentage of the polymer relative to the solid phase.
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Table 1. Chemical Composition and Higher Calorific Value (HCV) of Clone AF2 of Populus euroameri-
cana, and Comparison with Other Materials.

Composition (1) (2) (3) (4) (5) (6) (7) (8)
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Raw material percentages (100 kg dry matter); 1—Genus Populus (Poplar clone AF2). Present study; 2—Genus
Populus [47]; 3—Tagasaste (Chamaecytisus proliferus) [49,50]; 4—Leucaena (Leucaena diversifolia) [51,52];
5—Paulownia trihybrid (fortunei x tormentose x elongata) [53,54]; 6—Eucalyptus globulus [55,56]; 7—Sunflower
stalks [52]; 8—Wheat straw [57].

Table 2. Normalized values of the process variables and composition of the solid fractions obtained
in the two processes of cold alkaline extraction with and without ultrasound assistance of the Populus
x euroamericana (Clone AF2). Additionally, the glucan, xylan, and lignin contents are expressed as
percentages relative to the raw material.

Variables With Ultrasound Without Ultrasound

XA Xt XT
Yield
(%)

Glucan
(%)

Xylan
(%)

Klason Lignin
(%)

Yield
(%)

Glucan
(%)

Xylan
(%)

Klason Lignin
(%)

0 0 0 68.8 86.4 40.4 67.0 73.2 89.8 45.4 88.5
0 0 0 68.8 86.4 40.4 67.0 73.2 89.8 45.4 88.5
1 1 1 63.3 80.4 45.0 58.4 68.5 93.2 56.8 80.1
1 1 −1 67.9 84.3 43.5 62.4 77.8 95.7 49.3 83.4
1 −1 1 69.0 84.8 49.5 73.9 73.3 96.5 54.7 97.5
1 −1 −1 75.0 95.8 50.2 67.4 80.8 98.2 47.4 90.6
−1 1 1 64.7 96.2 47.2 51.5 69.3 98.1 43.3 71.6
−1 1 −1 70.9 96.2 51.6 66.7 77.6 98.2 51.3 90.9
−1 −1 1 69.5 85.7 49.9 69.2 71.6 89.8 53.0 89.5
−1 −1 −1 74.6 87.6 55.7 77.7 78.5 92.1 60.2 98.9
1 0 0 67.3 91.0 44.4 60.9 72.7 98.7 47.4 79.7
−1 0 0 69.4 95.6 50.3 61.3 73.1 97.4 47.6 79.6
0 1 0 66.5 81.7 39.2 68.7 73.7 88.1 46.4 93.3
0 −1 0 71.0 84.6 44.2 74.4 75.4 85.1 52.0 98.1
0 0 1 68.6 82.1 40.9 68.4 71.1 86.3 49.5 90.6
0 0 −1 73.5 84.1 42.6 72.9 78.7 87.8 50.1 96.0

XA alkali concentration, Xt time, XT temperature.

The results were modeled using Equations (3)–(10) from Table 3, as described in
Sections 2.2 and 2.3. By analyzing the residuals between the experimental (observed)
values and those predicted by the polynomial multiple regression models, it was observed
that the prediction errors were all less than 10% and, in some cases, even less than 5%.
This percentage is understood as the percentage change within the range of each depen-
dent variable, rather than as the percentage change in the maximum or minimum value.
Therefore, the obtained values demonstrate the robustness of the models.

Also, the quadratic regression coefficients, R2, all exceeded 0.95, which was considered
acceptable given the simultaneous calculations involving several independent variables.
The Snedecor’s F-values significantly exceeded 5, which is the minimum value required
to assume a good fit. All independent variables included in the models had individual
Student’s t-values greater than 2 or p-values less than 0.05, including their statistical
significance at the 95% confidence level. For easier interpretation, the polynomial equations
were employed to create the response surfaces in Figures 1 and 2 (refer to Section 2.3).
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Table 3. Equations of the polynomial models for the dependent variables of the cold alkaline
extraction (CAE) with and without ultrasound assistance of the Populus x euroamericana wood
(Clone AF2).

Equation with Ultrasounds Equation Number Adjusted R2/Snedecor’s F-Value

YI = 68.5 − 0.67XA − 2.57Xt − 2.66XT − 1.83Xt
2+ 2.58XT

2 (3) 0.95/56
GL = 87.0 − 2.50XA − 1.87XT + 5.98XA

2 − 4.03XT
2 − 4.39XAXt −

1.6XAXT + 1.19XtXT
(4) 0.98/59

X = 40.2 − 2.28XA − 2.24Xt − 1.12XT + 7.23XA
2 + 1.62XT

2 −
0.56XAXt + 1.37XAXT + 0.44XtXT

(5) 0.98/138

KL = 66.6 − 5.96Xt − 2.57XT − 5.33XA
2 + 4.58XT

2 + 1.04XAXt +
3.28XAXT − 2.34XtXT

(6) 0.98/114

Equation without Ultrasounds Equation Number Adjusted R2/Snedecor’s F-Value

YI = 73.0 + 0.3 XA − 1.38X t − 3.97XT + 1.68XT
2 − 0.57XAXt −

0.42XtXT
(7) 0.98/202

GL = 89.7 + 0.67XA + 1.16Xt − 0.80XT + 8.37XA
2 − 2.86XT

2 −
2.53XAXt

(8) 0.99/189

X= 45.2 − 2.02Xt + 2.39XA
2 + 4.39XT

2 + 2.84XAXt + 3.76XAXT (9) 0.99/211
KL = 88.04 − 6.08Xt − 3.05XT − 8.14XA

2 + 2.61Xt
2 + 5.24XT

2 +
4.05XAXT − 2.75XtXT

(10) 0.99/251

Dependent variables: YI yield (%), GL glucan (%), X xylan (%), KL Klason lignin (%). Independent variables:
XA: alkali concentration, Xt and XT: treatment time and temperature. The differences between the experimental
values and those estimated using the equations never exceeded 10% of the former.

The values predicted by the quadratic Equations (3)–(15) can be easily calculated using
these equations and, as mentioned, replicate the experimental results with coefficients of
variation below 10% of the range of variation of each dependent variable.

Before delving into the data in Tables 2 and 3, it is important to note that our initial
hypothesis was confirmed (i.e., clone AF2 of Populus x euramericana proved a suitable raw
material for the intended purpose). The CAE yields obtained in the absence of ultrasound
were significantly higher than those obtained by Carvalho et al., 2016, and Fernández
et al., 2020 [20,58] with eucalyptus (ranging 3.2% to 5.0%), but lower than those observed
for grassy materials such as wheat (ranging from 25.5% 38.8%; [16,21]). A lower yield
implies a higher extraction yield in the liquid phase. These results are consistent with
our earlier discussion on the introduction that CAE efficiency depends on the specific raw
material. For instance, eucalyptus wood, which is resistant to CAE fractionation [20], can be
efficiently extracted at temperatures, such as those used by Alfaro et al., 2010, and Carvalho
et al., 2016 [20,49], which reached temperatures of up to 175 ◦C, resulting in yields of 5.0%
to 32.9%. This confirmation aligns with the proportions of different polymers extracted in
our study.

Based on Equations (3) and (7) in Table 3, it is evident that temperature had the most
significant impact on yield as an individual operational variable, both in the presence
and absence of ultrasound. Figures 1A and 2A depict a similar response to the other two
independent variables, although over considerably different ranges, ranging from 63.3%
to 75.0% with sonication and from 68.5% to 80.8% without it. These findings underscore
the pronounced influence of ultrasound on CAE yield. Indeed, experimental yields were
notably lower with ultrasound, which was reflected in their mean values and the predictions
made by the multiple regression models presented in Equations (3) and (7), particularly at
the central points of the experimental design (68.5% with ultrasound and 73.0% without
it). It is important to note that a lower yield was preferable as CAE efficiently removed
structural components (cellulose, hemicellulose, and lignin) from the raw material. In fact,
ultrasound-assisted CAE removed 25.0% to 36.7% of these initial structural components
present in the material.
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Figure 1. Surface responses for yield (A), as well as the glucan (B), xylan (C), and lignin contents (D)
(percentage relative to the polymer content in raw material) in the solid residue obtained from the
process of Cold Alkaline Extraction using ultrasound on the Popular Wood (clone AF2).

As observed in the glucan surface responses shown in Figures 1 and 2, the glucan
content of the CAE solid residue decreased with increasing alkali concentration, treatment
time, and solid yield. However, according to Equations (4) and (8), the alkali concentra-
tion was the most influential variable on the glucan content. Furthermore, the difference
between the predicted values for glucan content at the central point of the experimental
design (87.0% with ultrasound and 89.7% without it) was much smaller than that of the
corresponding mean yields. Therefore, the yield ranges, both with (81.7%–95.6%) and
without ultrasound (85.1%–98.7%), were more similar. Therefore, as previously found by
García et al., 2013, and Carvalho et al., 2016 [20,21], ultrasound had a notably selective
effect on the hemicellulose and lignin fractions. This was particularly true for xylan, the
primary component of the hemicellulose fraction, characterized by its low polymeriza-
tion and non-crystallinity structure that makes it more susceptible to decomposition into
monosaccharides. These findings support the initial hypothesis that ultrasound enhances
hemicellulose extraction in the CAE liquor while preserving or even increasing the calorific
potential of the solid residue.
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(percentage relative to the polymer content in raw material) in the solid residue obtained from the
process of Cold Alkaline Extraction without ultrasound on the Popular Wood (clone AF2).

In fact, when comparing the experimental ranges for hemicelluloses (xylan) extrac-
tion in the presence and absence of ultrasound (44.3%–60.8% vs. 39.8%–56.7%) with the
predicted values at the central points based on Equations (5) and (9) (59.8% and 54.8%,
respectively), it becomes evident that CAE had a much more selective effect on the hemi-
cellulose fraction (xylan) than on the cellulose fraction (glucan). This difference was even
more pronounced in the presence of ultrasound. This suggests that, notably, the CAE pro-
cess exhibits a high selectivity for hemicelluloses while preserving the integrity of glucan.
Alkaline treatments typically alter the structure of lignocellulosic materials by reducing the
crystallinity and degree of polymerization of cellulose, thereby increasing the inner surface
area, and facilitating release into the extraction medium [59].

Equations (6) and (10) do not provide a clear indication of the independent variable
with the strongest influence on hemicellulose extraction into the CAE liquor.
Figures 1C and 2C represent extreme values of treatment time, as it was clearly the in-
dependent variable that most strongly influenced CAE yield in a linear manner, without
ultrasound. In the presence of ultrasound, the highest xylan contents of the solid residue
(i.e., the lowest extraction of xylan into the CAE liquor) were achieved with extended treat-
ment times, moderate alkali concentrations, and temperatures. The alkali concentration
had little influence. Xylan extraction without ultrasound yielded similar results, although
with lower hemicellulose extraction levels. These results were considerably higher than
those reported by Carvalho et al., 2016 and Fernández et al., 2018 [20,60] for eucalyptus
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(46%) but comparable to those of García et al., 2013, and Madejón et al., 2016 [16,21] for
wheat straw.

In theory, preserving glucan integrity while maximizing hemicellulose extraction into
the CAE liquor would be easiest by using a long treatment time, a medium temperature,
and a medium-to-high alkali concentration. Below are described the results of the elemental
analysis of the CAE solid residue in the presence of ultrasound to confirm the practicality
of these operating conditions.

Obviously, preserving most of the glucan in the raw material in the CAE solid residue
is of interest when considering the thermal stability of this component. In fact, the cel-
lulose fraction has the highest energy content among the constituents of lignocellulosic
biomass [60].

The amount of lignin remaining in the solid was also interest. Cold alkaline extraction
partially delignifies the raw material, potentially facilitating subsequent delignification of
the solid residue, making it useful for applications such as cellulose pulping, or increasing
energy production through thermochemical treatment. Lignin acts as a seal protecting the
lignocellulosic fraction, which needs to be broken down to fully exploit the raw material.
Due to its abundance of benzene rings, lignin has the highest activation energy and thermal
stability [61]. The use of ultrasound significantly facilitated its extraction. Delignification
at the central point of the experimental design was estimated to be 33.4% in the presence
of ultrasound and 12.0% in its absence (Table 3). Lignin was extracted by 22.3%–48.5%
with ultrasound and 1.9%–28.4% without it (Table 2). However, lignin was consistently
extracted to a lesser extent than hemicelluloses, indicating that CAE was less selective
toward the lignin fraction. Therefore, longer treatment times at the upper end of the
range (Equations (4) and (8)), along with medium temperatures (Figure 1D) and alkali
concentrations (Figure 2D), may be suitable for effective delignification and hemicellulose
extraction while preserving glucan integrity. Since lignin is the most structurally complex
component and resistant to extraction from lignocellulosic materials, the treatment time
will be especially influential on the efficiency of the chemical treatment and the cavitational
effects of ultrasound, leading to cleavage of lignin–cellulose bonds [62].

In summary, these comparisons regarding the yield, glucan, hemicelluloses, and lignin
content in the CAE processes with and without ultrasound assistance confirm the initial
hypothesis and demonstrate a significant synergistic effect when ultrasound and CAE
are applied simultaneously, enhancing both the selectivity and efficiency of hemicellulose
extraction and the potential for increased energy yield from the post-treatment solid phase.

Another interesting point is the dependence of the elemental composition of the CAE
solid residue on the operating conditions in the presence of ultrasound. This information
can be useful for identifying the optimal operating conditions for extracting hemicelluloses
from the target clone. The results are presented in Table 4, along with the lower heating
value (LHV) (it is considered that the water vapor generated during combustion does
not condense into liquid water, unlike in the case of higher heating value, where vapor
condensation is taken into account) and moisture content. Table 5 displays the equations of
the polynomial models derived from these results. Figure 3 illustrates the response surfaces
for the contents in C, H, S and O, while Figure 4 shows the response surface for LHV.

Table 4. Values of the process variables and elemental composition (hydrogen, H; Sulphur, S; Carbon,
C; and Oxygen, O) of the solid fractions obtained in the Cold alkaline extraction (CAE) with and
without the use of ultrasound on Populus x euroamericana wood (Clone AF2).

Normalized Values Cold Alkaline Extraction (CAE) with Ultrasound

XA Xt XT H (%) S (%) C (%) O (%) Moisture (%) LHV at Constant Volume (J/g o.d.b.)

0 0 0 6.105 0.00018 45.60 47.19 9.9 18,843
1 1 1 5.867 0.00000 41.01 52.03 8.2 19,233
1 1 −1 5.872 0.00000 42.36 50.68 7.8 19,033
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Table 4. Cont.

Normalized Values Cold Alkaline Extraction (CAE) with Ultrasound

XA Xt XT H (%) S (%) C (%) O (%) Moisture (%) LHV at Constant Volume (J/g o.d.b.)

1 −1 1 5.918 0.00024 44.70 48.23 10.0 18,115
1 −1 −1 5.922 0.00011 45.18 47.81 8.1 18,570
−1 1 1 5.841 0.00000 42.00 51.07 11.2 18,504
−1 1 −1 5.858 0.00016 43.88 49.17 8.2 18,530
−1 −1 1 5.861 0.00020 43.85 49.20 10.0 18,516
−1 −1 −1 5.908 0.00032 44.15 48.86 8.9 18,675
1 0 0 6.023 0.00014 44.00 49.01 11.2 18,965
−1 0 0 5.981 0.00030 44.25 48.71 8.8 18,872
0 1 0 5.972 0.00004 44.69 48.25 8.2 18,734
0 −1 0 5.962 0.000140 45.547 47.4 8.1 18,477
0 0 1 5.870 0.000165 44.359 48.78 9.8 18,482
0 0 −1 5.890 0.000205 45.076 47.78 9.7 18,686

Table 5. Equations of the polynomial models for the dependent variables of the cold alkaline
extraction (CAE) with ultrasound assistance of the clone AF2 of Populus euroamericana.

Equation with Ultrasounds Equation Number Adjusted R2/Snedecor’s F-Value

H = 6.100 + 0.015XA − 0.016Xt − 0.093XA
2 + 0.092Xt

2 − 0.220XT
2 (11) 0.96/70

S = 0.000180 − 0.000049XA − 0.000086Xt − 0.000019XT +
0.000036XA

2 − 0.000089Xt
2 + 0.000050XAXT − 0.000023XtXT

(12) 0.95/40

C = 45.62 − 1.02Xt − 0.470XT − 1.514XA
2 − 0.711XT

2 − 0.549XAXt −
0.363XtXT

(13) 0.97/77

O = 47.22 + 1.04Xt + 0.50XT + 1.60XA
2 + 0.81XT

2 + 0.56XAXt (14) 0.97/79
LHV = 18,881 + 82XA + 186Xt − 64XT − 251XT

2 + 217XAXt + 90XtXT (15) 0.95/27

Dependent variables: Hydrogen (%), Sulphur (%), Carbon (%), Oxygen (%), and LHV Low heating value.
Independent variables: XA: alkali concentration, Xt and XT: treatment time and temperature of the cold alkaline
extraction (CAE) with ultrasound of the target clone. The differences between the experimental values and those
estimated using the equations never exceeded 10% of the former.

As shown in Figure 3A, the lowest hydrogen contents in the solid residues from
ultrasound-assisted CAE were obtained at extreme temperatures and were scarcely depen-
dent on the other independent variables. The sulfur content exhibited a similar behavior
to the extraction yield and glucan content; thus, it decreased with increasing values of the
three independent variables. In contrast, the carbon and oxygen contents increased with
rising temperature, alkali concentration, and treatment time. This is consistent with the
fact that the latter was a derivative quantity, and the former was the major element. The
amount of carbon present in the CAE solid residue peaked at treatment times in the lower
end of the range, where the temperature and alkali concentration had little influence, even
though the highest carbon contents in the residue were obtained in the central ranges of
the two variables. Since the carbon and hydrogen contents have contradictory effects on
LHV, it is uncertain whether it is better to use treatment times in the lower or upper end
of the range. Nevertheless, medium temperatures and alkali concentrations are the best
choices to maximize LHV.

The H and C contents influence the calorific value of the material. LHV should increase
with a decrease in H content and an increase in C content—although the former element is
present in much smaller amounts than C. As demonstrated by Equation (11) in Table 5, the
quadratic term of temperature had the most significant impact on the H content of the CAE
solid residue obtained with ultrasound. Additionally, the lowest H contents were observed
at low temperatures, regardless of the alkali concentration and treatment time employed.
Nonetheless, the highest lower heating values, and consequently the greatest energy
output, were achieved with longer treatment times, along with medium temperatures and
alkali concentrations.
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Overall, utilizing extended durations, medium-to-high alkali concentrations, and
moderate temperatures in conjunction with ultrasound yielded CAE solid residues with
the highest glucan contents and lowest lignin contents. It also maximized hemicellulose
extraction into the CAE liquor and the energy content (LHV) of the solid residue.

One other noteworthy point is the influence of ultrasound on LHV and the hemicellu-
lose content of the CAE solid residue. As depicted in Figure 5, illustrating their variations
at a constant treatment time (90 min, +1), it becomes evident that LHV was significantly
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influenced by the presence of ultrasound. Therefore, LHV = 20,880 − 44.85 × hemicellu-
lose content of solid (Equation (16)) (R2 = 0.79). When ultrasound was employed, longer
treatment times increased LHV and reduced the proportion of hemicelluloses in the CAE
solid residue, subsequently increasing their concentration in the liquor. The effect was
more pronounced at medium temperatures and, to a somewhat lesser extent, at medium
alkali concentrations.
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Figure 5. Predicted LHV (Equation (15)) against predicted xylan content (Equation (5)) of the solid
residue obtained from the process of Cold Alkaline Extraction using ultrasound of the Popular Wood
(clone AF2) at a constant treatment time of 90 min (experimental point, normalized time value = +1).

4. Conclusions

Clone AF2 of Populus x euramericana was found to have lignin and xylan contents
slightly higher than those of Eucalyptus globulus and other species containing large amounts
of biomass. Also, in common with other Populus species, the hemicellulose fraction of the
clone contained no arabinan derivatives. However, its lower heating value (LHV) was
considerably higher than that of E. globulus and other energy crops, and, unlike that of
Eucalyptus, which was used as a reference here, it is suitable for the cold alkaline extraction
(CAE) of hemicelluloses.

Using ultrasound increased the selectivity of CAE toward the hemicellulose and lignin
fractions in the raw material. Thus, it increased hemicellulose extraction into the liquor
while preserving or increasing the calorific value of the solid residue due to the cellulose
fraction remaining in it.

The optimal conditions vary depending on the performance and property indices.
However, overall, utilizing extended treatment times, medium-to-high alkali concentra-
tions, and moderate temperatures with ultrasound-assisted CAE maximized the glucan
content and minimized the lignin content of the resulting solid residue. It also maxi-
mized the extraction of hemicelluloses into the liquor and the energy content (LHV) of the
solid residue.
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