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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• SCWH enables control of cellulose con-
tent allowing for tailored wettability.

• Significant impact of material composi-
tion and processing on wettability and
surface energy.

• Materials with higher surface energy
exhibit better wettability.

• Slight increase in CA is observed with
increasing pressure.
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A B S T R A C T

To meet the demands of the evolving circular economy, there is a growing need for renewable resources as base
materials for innovative, easily recyclable products. Lignin, the second most abundant biopolymer, has emerged
as a promising source of aromatics and reinforcing agent in polymer composites. For the successful
manufacturing of homogeneous composite materials, good bonding between the coexisting phases is essential to
prevent the formation of voids and agglomerates. Therefore, understanding the surface properties of these
materials is crucial for designing optimal composite compounds. In this study, the wettability of lignin-cellulose
composites and lignin samples obtained through supercritical water hydrolysis (SCWH) of birch wood is
investigated. The contact angle (CA) technique, specifically the sessile drop method, was employed to assess and
compare the wettability of SCWH lignin with commercially available lignin and raw birch wood. The results
provide insights into their surface energy, adhesion, and hydrophilic or hydrophobic characteristics under
processing conditions. All samples exhibited hydrophilicity, with an initial CA approximately 40 ◦, except for raw
birch wood, which had a higher initial CA of ~ 64◦. Notably, when lignin is accompanied by significant amounts
of cellulose, different trends in CA changes over time were observed. The influence of pressure on the CA be-
tween water and these polymers was also analyzed, but no significant impact was detected. This research ad-
vances the development of lignin-based materials with tailored surface properties for various industrial
applications.
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1. Introduction

As the circular economy continues to evolve, the demand for
renewable resources as foundational substances for innovative, recy-
clable materials is escalating. Within this framework, lignin is increas-
ingly recognized as a valuable source of aromatics and a vital reinforcing
material for polymer composites. Lignin, the second most abundant
biopolymer, is the focus of growing research aimed at transforming it
into a key source of aromatics, which are currently derived from pe-
troleum [1]. New materials based on polymer-lignin composites, uti-
lizing lignin as a reinforcing agent, are also emerging [2]. Further, a
beneficial synergistic effect of lignin and cellulose mixtures used in
different applications (wood adhesives, carbon fiber, nanofibers, ther-
moplastics) has been demonstrated [3]. On the other hand, to produce a
homogeneous composite material, the polymer matrix and any rein-
forcing materials (such as fibers or fillers) should be chemically and
physically compatible to ensure strong interfacial bonding. At the same
time, the reinforcement materials have to be uniformly dispersed within
the polymer matrix to avoid agglomerates, which can weaken the
composite and create stress concentrations [4,5]. To select suitable
composite compounds, their surface energies need to be aligned in order
to reach optimal composite properties [6,7]. The surface energy of solid
materials is related to their wetting behavior [8]. The wettability refers
to the degree to which a liquid drop will spread over the solid surface
surrounded by another fluid (liquid or gas). In case of complete wetta-
bility, the liquid will spread over the entire surface spontaneously. While
wetting behavior is a universal phenomenon, it can vary based on the
chemical nature of both the solid and liquid phases [9]. When the
applied liquid is water, the commonly used terms to explain the wetting
behavior are hydrophilicity and hydrophobicity. Hydrophilic and hy-
drophobic materials play crucial roles in a wide range of applications
due to their distinctive interactions with water. The unique properties of
hydrophilic and hydrophobic materials, enable innovative solutions
across diverse sectors, enhancing functionality and performance. Hy-
drophilic materials are essential in industries where favorable water
interaction is required, while hydrophobic materials play a crucial role
in creating water-repellent surfaces, offering advantages across various
industrial applications.

For the direct measurement of surface wettability, the contact angle
(CA) is commonly detected optically. Therefore, the so-called sessile
drop method, a versatile and relatively simple technique is frequently
used [10]. The CA is the angle formed at the interface where a liquid
droplet meets a solid surface. It is measured through the liquid, between
the solid surface and the tangent line to the liquid droplet at the contact
point. The concept of CA and wettability was introduced in 1805 by
Thomas Young [11]. This technique provides valuable insights into
surface energy, adhesion, and the hydrophobic or hydrophilic nature of
materials. The materials that are targeted at in this work originate from
natural waste that undergoes a supercritical water treatment.

Supercritical water hydrolysis is a clean technology that offers a
rapid and efficient method for treating wood materials in absence of any
additives or further reactants [12]. This process facilitates the dissolu-
tion and hydrolysis of cellulose in less than a second, significantly
reducing processing time. Additionally, it enables the hydrolysis of the
lignin-cellulose complex found in wood, aiding in the effective frac-
tionation of its different polymers. The use of a Sudden Expansion
Reactor in this technology further enhances its efficiency by rapidly
cooling the reacting materials, resulting in the precipitation of unique

lignin and cellulose composites [13]. Unlike conventional methods, this
approach does not involve solvent dissolution or bleaching. Moreover,
the native lignin structure is preserved to a significant extent, producing
distinct precipitates with the potential for innovative applications [13,
14].

The primary objective of this study is to evaluate the surface
wettability and the related surface energies of lignin-cellulose compos-
ites produced via supercritical water hydrolysis (SCWH) and compare
their properties to lignins obtained through different extraction
methods, including sulfonated kraft lignin (SKL) and Indulin. By
examining the surface properties, particularly through contact angle
measurements, this study aims to provide critical insights into the
interaction between water and these lignin-based materials. Further-
more, contact angle measurements offer a quantitative assessment of the
surface energy revealing the underlying mechanisms that govern the
hydrophilic or hydrophobic nature of these materials. These insights are
crucial for optimizing the design of lignin-based composites in terms of
compatibility of the matrix and the filler [6], and in general for func-
tionalizing surfaces for various industrial applications. Furthermore, an
additional objective is to investigate the influence of pressure on the
contact angle (CA) between water and polymer surfaces. Since com-
posite manufacturing often involves elevated pressures, this study seeks
to determine whether pressure affects the surface wettability and,
consequently, the performance of the final composite materials.

2. Materials and methods

2.1. Materials

Five different lignin samples were utilized in this study. Sulfonated
kraft lignin (SKL) and commercial kraft lignin (Indulin) were sourced
from Sigma Aldrich (Darmstadt, Germany) and Ingevity (formerly Mead
Westvaco, North Charleston, South Carolina, USA), respectively. The
third and fourth samples were obtained through SCWH of birch wood
and are referred to as supercritical water lignin (SCWL). The distinction
between the two SCWL lies in their cellulose content. In addition, raw
birch wood was included as a fifth sample. Birch wood was provided by
RISE Research Institutes of Sweden (Stockholm, Sweden). Diiodo-
methane, a nonpolar compound used to estimate the surface energy (SE)
of the lignin-rich material, was purchased from Fisher Scientific (Bleis-
wijk, Netherlands). The nitrogen was purchased from Linde (Valladolid,
Spain) at a purity of 5.0 (>99.999%v).

2.2. Supercritical water hydrolysis of birch wood and SCWL
characterization

The SCW treatment of wood primarily hydrolyzes the carbohydrates
(cellulose and hemicellulose). The solid products after SCW treatment
are composed mainly of lignin and cellulose based carbohydrates.
Detailed experimental procedures of supercritical water hydrolysis can
be found in [13]. The 2 SCWL used in this study were obtained using
conditions given in Table 1.

The chemical composition (cellulose, hemicellulose, and lignin) of
birch wood and the composition of SCWL were analyzed following
procedures implemented by the National Renewable Energy Labora-
tories [15].

2.3. Preparation and characterization of pellets

Prior to measuring the contact angle, the samples were converted
into pellets using the following technique: Approximately 0.4 g of each
sample was placed in a mold with a 13mm diameter and height of
19mm and subjected to a hydraulic press with an applied pressure of
around 7.4 Mt. The resulting pellet had a thickness of approximately
4mm.

Table 1
Supercritical water hydrolysis reactions conditions for two supercritical water
lignin samples (SCWL).

Sample Reaction time Reaction temperature Reaction pressure

SCWL1 0.34 s 377 ± 10 ◦C 284 ± 2 bar
SCWL2 1.16 s 390 ± 2 ◦C 254 ± 3 bar
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2.3.1. Nuclear magnetic resonance spectroscopy (NMR)
NMR analysis was conducted on four different lignin samples to

further characterize them and gain a deeper understanding of their
varying wettability behaviors over time. Sample preparation for NMR
followed the protocol outlined by Meng [16]. The analysis was per-
formed using a Bruker Avance Neo (500MHz, 2 channels) spectrometer
(Bremen, Germany) equipped with an i-Probe, located at the Laboratory
of Instrumental Techniques (LTI) Research Facilities at the University of
Valladolid. The conditions for 31 P[1 H] NMR analysis, using Bruker’s
zgig sequence (inverse-gated decoupling scheme), included a spectral
width of 20000 Hz, a transmitter frequency offset of 140 ppm, acquisi-
tion time of 0.8 s, a relaxation time between pulses of 11 s, a pulse width
of 90◦, and a total number of 128 pulses. All measurements were carried
out at a temperature of 25 ◦C.

2.3.2. Atomic force microscopy (AFM) – roughness measurement
The surface roughness of the prepared pellets was measured by the

atomic force microscopy technique using the Asylum Research MFP3D
BIO (Santa Barbara, California, USA); AFM probe 160AC, OPUS by
MikroMasch (Sofia, Bulgaria): AFM mode: AC (tapping mode). Five
representative samples were imaged in duplicate. In both replicas, im-
ages, and data are taken at three different points around the central area

of the samples. The pellets were mounted in standard microscopy slides
using epoxy glue. Images of two sizes were acquired at every point:
10×10 μm2 and 1×1 μm2.

2.3.3. The crystallinity of cellulose in the samples
X-ray diffraction was used to measure and characterize the crystal-

linity of the cellulose in the samples on Bruker D8 Discover A25 device,
Generator 3Kw, Copper ceramic tube 2.2Kw type FFF, Detector LynxEye
40Kv 30Ma (Bremen, Germany).

2.4. Determination of contact angle

2.4.1. Measurement of water contact angle
The contact angle measurements were performed using a High-

Pressure View Cell from Eurotechnica GmbH (Bargteheide, Germany)
coupled with a high-resolution CCD camera [17]. The internal volume of
the cell is 30ml and the maximum operating conditions are 500 ◦C and
30MPa. Measurements were performed using the sessile drop method at
a temperature of 25 ◦C. Nitrogen was used to pressurize the system in the
pressure range from atmospheric pressure to 130 bar. The dynamic
contact angle was also monitored over approximately 10min. Mili-Q
water was used in all experiments. The contact angle measurements
were performed by first placing approximately ten drops of water at the
bottom of the cell to saturate the environment (pressurized gas) and
minimize the effect of evaporation on the contact angle. The sample was
then positioned on the sample holder inside the cell. A single drop was
formed at the capillary tip before pressurizing the system to avoid issues
with droplet formation under pressure. For experiments conducted at
atmospheric pressure, the droplet was placed on the sample immediately
after its introduction into the cell. However, when the system was
pressurized, the droplet was placed 10–15minutes after achieving the
desired pressure to ensure that the water was saturated with nitrogen
and equilibrium between interfacial forces was established. Measure-
ments for all conditions were repeated at least three times, applying a
new pellet each time. The frame rate of the video was 10 frames per
second. Afterward, individual frames were extracted at specified time
intervals by adjusting the recording ratio to 10 (every tenth image was
extracted) in a free, open - source VLC media player (VideoLAN, Paris,
France). The software Open Drop, released under the GNU GPL open –
source license (Free Software Foundation (FSF), Boston, Massachusetts,
USA), was used to measure the contact angle between the water and the
pellets. All images obtained from the video were used in the analysis.

2.4.2. Measurement of diiodomethane contact angle
To determine the SE of all tested materials, additional CA measure-

ments were conducted using the nonpolar compound diiodomethane,
following the same sessile drop method under ambient conditions. A
10 µl droplet of diiodomethane was placed on the pellet using a micro-
pipette. The high-resolution CCD camera, as previously described, was
used to record the video. Each measurement was repeated twice for
accuracy. The Open Drop software was employed to calculate the CA
between the diiodomethane and the pellets.

Table 2
Chemical composition of the birch wood and two supercritical water lignin
samples (SCWL).

Component Amount (% w/w dry basis)

Birchwood SCWL1 SCWL2

Acid insoluble lignin 13.2 ± 0.3 41.6 ± 2.1 93.8 ± 3.6
Acid soluble lignin 6.8 ± 2.1 5.1 ± 0.8 2.7 ± 0.3
Cellulose 44.1 ± 1.1 41.7 ± 2.0 0.0
Hemicellulose 18.0 ± 0.6 5.2 ± 0.1 0.0
Extractives 4.9 ± 0.4 - -
Ash 0.5 ± 0.1 - -
Others 12.5 6.4 3.5

*Standard deviation is based on analysis repeated at least three times.

Fig. 1. Amount of different OH groups per gram of lignin material obtained by
NMR analysis.

Table 3
Surface roughness and initial contact angle of sulfonated kraft lignin (SKL), commercial kraft lignin (Indulin), two supercritical water lignin samples (SCWL), and raw
birch wood.

Sample Root Mean Square Height (Sq), nm Arithmetical Mean Height (Sa), nm Initial contact angle

10£10 µm2 1£1 µm2 10£10 µm2 1£1 µm2

SKL 75.3 ± 15.1 9.8 ± 3.8 59.8 ± 12.3 7.8 ± 3.1 39.9 ◦ ± 2.2 ◦

Indulin 79.6 ± 19.6 12.2 ± 6.6 59.9 ± 14.5 9.7 ± 5.7 40.9 ◦ ± 2.1 ◦

Raw birch wood 186.5 ± 54.6 6.9 ± 0.7 140.3 ± 40.9 5.4 ± 0.7 63.7 ◦ ± 5.4 ◦

SCWL 1 55.3 ± 14.3 5.4 ± 2.6 44.5 ± 11.3 4.3 ± 2.2 44.4 ◦ ± 4.1 ◦

SCWL 2 30.9 ± 17.7 5.5 ± 1.5 22.5 ± 13.0 4.2 ± 0.8 43.0 ◦ ± 2.6 ◦
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2.4.3. Calculation of surface energy - theory
When a droplet of a liquid is formed on a flat solid surface, the bal-

ance on the three-phase interfacial energies is expressed by Young’s
equation

σs = σs,l + cosθ σl (1)

where σl is the surface tension of the liquid, θ the contact angle between
the liquid-air interface and the surface, σs,l is interfacial tension or en-
ergy between the solid and the liquid and σs is the surface energy of the
solid. To be able to calculate the surface energy from the contact angle,
the unknown variable σs,l must be determined.

Fowkes [18] introduced a concept for dividing the interfacial tension
(IFT) or energy into parts of polar and apolar interactions that are added

Fig. 2. AFM images of tested samples.

Fig. 3. Images of droplet profiles on a solid surface in the first and last minute
of recording.

Fig. 4. Change of contact angle with time at atmospheric pressure.

Table 4
Values of polar and dispersive components and total surface energy for sulfo-
nated kraft lignin (SKL), commercial kraft lignin (Indulin), and two supercritical
water lignin samples (SCWL).

SKL Indulin SCWL1 SCWL2

SE solid polar, mN/m 27.2 ± 1.0 27.6 ± 2.0 21.1 ± 2.4 28.2 ± 2.5
SE solid dispers, mN/m 46.1 ± 0.3 45.4 ± 2.3 46.6 ± 1.6 39.5 ± 2.3
SE solid, mN/m 73.3 73.0 67.7 67.7

*The standard deviation is derived from the standard deviations of the contact
angle (CA) measurements, with three replicates for water and two replicates for
diiodomethane.

Fig. 5. Dependence of initial CA and CA approximately 10 min after droplet
deposition on pressure.
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Fig. 6. Change of contact angle over time at atmosphere pressure (A), 10 bar (B), 20 bar (C), 30 bar (D), 40 bar (E), 50 bar (F), 100 bar (G), and 130 bar (H).
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for obtaining the interfacial tension as a macroscopic measure as shown
by Eq. (2)

σs = σd
s + σp

s (2)

where d means dispersion and p polar component.
According to Fowkes [18], the interfacial tension or energy between

two phases, in this case between liquid and solid (σs,l), is interpreted as
the geometric mean of a polar part and a disperse part

σs,l = σs + σl–2(
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σd
s σd

l

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σp
s σp

l

√

) (3)

Combining Eq. (1) and Eq. (3), the following equation is obtained

σl (1 + cosθ) = 2(
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σd
s σd

l

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σp
s σp

l

√

) (4)

The surface energy of the solid is determined from the contact angle
data in two steps: The disperse part is calculated first with the help of a
purely nonpolar liquid. The polar part is then determined with a
different liquid with polar parts. The nonpolar liquid is assumed to
interact only through disperse interactions with the solid, for which Eq.
(4) simplifies to:

σd
s = σdiiodomethane (

1+ cosθ
2

)
2 (5)

The dispersive part of the solid surface energy (Eq. (5)) can be used to
calculate the corresponding polar part knowing the polar part of the
surface tension of a subsequently applied (partly) polar liquid such as
water.

σp
s =

1
σp
w

(
σw(1+ cosθ) − 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σd
w σd

s

√

2
)

2

(6)

The surface tension of water at different temperatures is well-known
and tabulated [19]. Further, it can be assumed that polytetrafluoro-
ethylene (PTFE) is a completely non-polar solid surface. Then, from Eq.
(2), σd

PTFE = σPTFE. The surface energy of PTFE is a very well-known value
in the literature [18,20,21]. Consequently, applying these assumptions
to Eq. (6) makes it possible to calculate the dispersive part of water
surface tension.

σd
w =

σ2
w

σPTFE
(
1+ cosθ

2
)
2 (7)

The polar component of the surface energy is calculated from Eq. (2)
as the difference between the surface tension of water and its dispersive
component. Using Eqs. 1 through 7, along with literature data for the
surface tension of water and diiodomethane [21] under ambient con-
ditions, and the surface energy of PTFE, as well as contact angle values
obtained from the previously explained experiments, it is possible to
estimate the surface energy of the lignin material. For the SE calcula-
tions, the CA values were taken after the system reached mechanical
equilibrium.

3. Results and discussion

3.1. Composition of birch wood and SCWL

The chemical compositions of the birch wood and two SCWL prod-
ucts are given in Table 2. It is evident that the amount of carbohydrates,
primarily cellulose, remaining in the product varies based on the hy-
drolysis conditions. In sample SCWL1, the cellulose content is signifi-
cant; whereas in SCWL2, it was undetectable by HPLC. As expected, less
severe hydrolysis conditions results in a higher cellulose content in the
solid product.

3.2. Characterization of pellets

3.2.1. Nuclear magnetic resonance spectroscopy (NMR)
NMR analysis (Fig. 1) provided insights into the OH groups content

in lignin samples, categorized as aliphatic, phenolic, and carboxylic OH
groups. SKL and Indulin showed similar amounts of aliphatic and
phenolic OH groups, while, due to its high cellulose content [22],
SCWL1 had around 3 times more aliphatic OH groups than Indulin and
SKL, and more than double compared to SCWL2. Furthermore, a
remarkably higher amount of phenolic OH groups can be observed in
SKL and Indulin in comparison to the lignin sample obtained in this
work. This phenomenon can be attributed to the unique process by
which lignin is obtained using the described method, resulting in a
structure that closely retains its native characteristics [13,14]. In this
near-native lignin structure, phenolic groups engage in covalent
bonding, as evidenced by their distinct signatures observed in NMR
analysis. Namely, if the OH group is involved in covalent bonding, such
as esterification or etherification, the NMR signals of the OH protons
may change or even disappear if the protons are exchanged or if the OH
group is no longer free.

3.2.2. Atomic force microscopy (AFM) – roughness measurement
Table 3 presents the surface roughness values of the prepared pellets,

while Fig. 2 displays the corresponding AFM images. The surface
roughness of raw birch wood pellets (Sq = 186.47 nm; Sa = 140.26 nm)
is notably higher compared to the hydrolyzed samples. According to
literature, increased surface roughness enhances wetting in water–wet
systems, whereas in non-wetted surfaces, it tends to increase the contact
angle, a phenomenon known as the lotus effect [23]. Consistent with
this, the higher roughness of raw birch wood is associated with a slightly
higher initial CA before swelling occurs.

3.2.3. The crystallinity of cellulose in the samples
X-ray diffraction analysis of cellulose crystallinity showed a slight

decrease from 61.5 % in raw birch wood to 59.0 % in SCWL1, while
SCWL2 showed no detectable crystallinity due to negligible carbohy-
drate content, as confirmed by HPLC. The transformation of rigid crys-
talline cellulose into more flexible amorphous structures in SCWH
promotes easier hydrolysis, as water molecules avoid hydrophobic zones
[12]. Lower crystallinity correlates with higher surface energy, influ-
encing wettability [24].

3.3. Contact angle

3.3.1. Change of CA with time
The properties of solid materials are often categorized based on their

contact angle (CA). Solids with a CA below 90◦ are considered hydro-
philic, while those with a CA above 90◦ are classified as hydrophobic
[11]. The experimental results demonstrated that all samples were hy-
drophilic, with CA values consistent with existing literature [25].
Initially, the water droplet profile was monitored at atmospheric pres-
sure over a 10 min period, with the droplet profile shown in Fig. 3 at first
and last minute. Despite similar initial CAs, variations in the droplet
behavior were observed (Fig. 4). SKL, Indulin, and SCWL2, character-
ized by a lignin-dominant structure and negligible carbohydrates,
exhibited significant CA changes within the first 60 seconds. In contrast,
SCWL1, with a higher cellulose content, displayed a more linear droplet
profile. These behaviors can be attributed to different mechanisms such
as absorption, spreading, swelling, and evaporation [10]. Absorption
and spreading were dominant in the first minute, while evaporation was
negligible due to the controlled environment (22–25◦C). The swelling
was observed exclusively in the raw birch wood, which is presumably
attributed to its high cellulose content (44.1 %). This phenomenon has
been previously reported in cellulose crystallites [26,27]. In SCWL1, the
increased lignin content (46.7 %) likely restricted swelling by reducing
cellulose exposure to water through hydrogen bonding between
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cellulose and lignin. Then, the availability of the free OH groups to
interact with water is reduced [28].

3.3.2. Surface energy
Surface energy estimates for the tested materials (Table 4) indicated

that materials with higher surface energy exhibit better wettability [29].
SKL and Indulin, which had the same wettability behavior (Fig. 4), also
had comparable surface energies. Furthermore, their polar and disper-
sive components were analogous. On the other hand, the SE of SCWL1
and SCWL2 were slightly lower than SKL and Indulin. Notably, SCWL1
exhibited a dispersive component similar to SKL and Indulin, but with a
lower polar component due to its high cellulose content, which con-
tributes to the dispersive SE. Despite their polar nature, carbohydrates
also possess a dispersive component of surface energy due to the pres-
ence of non-polar carbon-hydrogen bonds and ring structures. As such, it
contributes to the dispersive part of the surface energy of the SCWL1
sample. Additionally, it can be concluded that a relatively high crys-
tallinity of cellulose presented in this sample (59 %) contributes to the
lower surface energy, particularly, its polar component. In contrast, the
polar component of SCWL2 is comparable to the polar parts of SKL and
Indulin, while the dispersive component was significantly lower. It is
known that the dispersive component of the surface energy in lignin is
attributed to van der Waals forces arising from the non-polar in-
teractions between the aromatic rings and carbon-hydrogen bonds.
Although lignin has polar groups, its aromatic nature promotes a sig-
nificant dispersive component [18,30]. The method of extraction
significantly affects properties like wettability and SE [31], with the
molecular weight of lignin influencing dispersive SE through chain
mobility, surface roughness, intermolecular interactions, surface
composition, solubility, and thermodynamic stability. Commercial lig-
nins, like SKL and Indulin, typically have lower molecular weight,
resulting in higher surface energy due to increased molecular mobility
and interaction potential, while higher molecular weight lignins tend to
have lower surface energy due to reduced mobility and more extensive
intermolecular interactions [32]. In contrast, SCWH allows for precise
control of conditions, producing lignin with higher molecular weight
and closer to its native structure [13,14], which contributes to its lower
dispersive SE.

Finally, this study highlights the advantage of using SCWH to obtain
lignin and lignin-cellulose composites. By fine-tuning reaction condi-
tions, SCWH allows selective fractionation of biomass components while
preserving lignin’s structure and controlling the cellulose content in the
final product. The biomass components can be selectively targeted and
efficiently separated, optimizing the yield of desired products. In this
process, when lignocellulose biomass is hydrolyzed to obtain lignin, it is
possible not only to keep its structure closer to native, but also is feasible
to control the amount of cellulose remaining in the product. As a result,
the wettability of these materials can be tailored for optimal perfor-
mance in composite manufacturing.

3.3.3. Dependence of CA on pressure
Fig. 5 shows the variation in initial CA and CA approximately

10 minutes after droplet deposition, as a function of pressure for three
tested samples: SKL, Indulin, and SCWL1. In all cases, a slight increase in
CA is observed with increasing pressure. According to Younǵs relation
and considering the decreasing interfacial tension (IFT) with pressure
[17], the surface energy at the solid-gas interface decreases as the
pressure rises. These findings are consistent with results reported by
Song and Fan [33]. Lastly, Fig. 6 shows that the overall dynamic
behavior of the SKL, Indulin, and SCWL1 surfaces remains largely un-
affected by changes in pressure.

4. Conclusions

In this work, the wettability properties of lignin-cellulose composites
were characterized and compared to lignins from different origins and

extraction methods, such as SKL or Indulin. The hydrophilicity of all
tested samples was confirmed, with contact angles (CA) consistent with
literature values. Observations of water droplet profile evolution over
time revealed differences, primarily driven by absorption and spreading
during the initial stage after droplet formation. Raw birch wood, with its
high carbohydrate content, exhibited swelling. X-ray diffraction analysis
showed a slight reduction in cellulose crystallinity in SCWL1 after the
process of SCWH, whereas the crystallinity was undetected in SCWL2
due to its low carbohydrate content. Materials with higher surface en-
ergy exhibited enhanced wettability. SKL and Indulin displayed similar
surface energy and wettability behavior, while SCWL1 and SCWL2
presented slightly lower surface energies and higher CAs. Differences in
the polar and dispersive components were attributed to varying cellu-
lose and lignin contents. Nuclear magnetic resonance analysis revealed
substantial differences in aliphatic and phenolic hydroxyl group content
among samples, with SCWH-obtained lignin showing covalent bonding
that influenced NMR visibility. These findings elucidate the significant
impact of material composition and processing on wettability and sur-
face energy. Therefore, when applied to lignocellulose biomass like
birch wood, SCWH not only preserves the lignin’s structure close to its
native form but also enables control of cellulose content in the final
product, allowing for tailored wettability and optimal properties for
composite preparation.
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