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Abstract

Sustainable construction requires bio-based insulation materials that achieve low thermal
conductivity without compromising mechanical performance. Poplar wood, which is
locally abundant in France, serves as an effective carbon sink and represents a promising
resource. While recent research has explored bulk wood delignification, the characterization
of such modified materials remains insufficient for practical implementation. In this
work, we report the development of gradient-delignified poplar wood through partial
delignification using alcoholysis and sodium chlorite bleaching. This process produced a
hybrid structure with delignified outer layers and a lignified core. Microscopic analyses
revealed that lignin removal led to cell wall swelling and the formation of nano-scale
pores. Compared to native poplar, the modified material showed lower transverse thermal
conductivity (0.057 W·m−1·K−1), higher specific heat capacity (1.4 kJ·K−1·kg−1 at 20 ◦C),
increased hygroscopicity, and reduced longitudinal compressive strength (15.9 MPa). The
retention of the lignified core preserved dimensional stability and load-bearing capacity,
thereby overcoming the limitations of complete delignification. In contrast to synthetic
foams or mineral wools, these findings demonstrate that partial delignification can produce
anisotropic wood-based insulation materials that combine thermal efficiency, mechanical
stability, and biodegradability. This work highlights the potential of wood modification
nanotechnology to reduce the carbon footprint of building materials.

Keywords: bio-based material; characterization; delignification; poplar; thermal insulation;
wood nanotechnology

1. Introduction
To achieve the Sustainable Development Goals by reducing CO2 and greenhouse gas

emissions, it is necessary to substitute non-renewable materials with bio-based alternatives
of low embodied energy [1]. Buildings alone account for 36% of the global energy load,
which is related mainly to heating and cooling demands, making the development of a
green, low-carbon, bio-based insulation material a priority [1]. Today’s commercial market
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for thermal insulation and sound absorption materials is dominated by synthetic porous
structures produced from petroleum-based polymers, such as polyurethane foams and
expanded/extruded polystyrene foams, and rock- and slag-based fibers such as mineral
wools and glass wools [2]. While these materials are low-cost and effective insulators,
they have significant environmental drawbacks. The extraction and synthesis processes
of these materials have a high carbon footprint as they rely on non-renewable resources
and generate pollutants. Schulte et al. reported through life cycle assessment studies
that non-renewable insulation materials perform worst across most environmental impact
categories [3]. Additionally, their disposal can cause environmental issues, resulting in
a contradiction between their thermal efficiency and their environmental impact. Bio-
based insulating products have therefore emerged as alternatives. Plant-derived materials
retain carbon rather than emitting it, thereby contributing to a reduction in the overall
carbon footprint [4]. However, they also present challenges such as susceptibility to fire,
moisture attack, biological degradation (fungi, insects), and mechanical weaknesses. There
is often a trade-off between the mechanical strength and thermal insulation properties of
materials [5]. Wood appears to combine excellent mechanical characteristics and thermal
insulating potential. For example, poplar wood (Populus spp.) with an average density of
450 kg·m−3 has been reported in the literature to exhibit a compressive strength of 35 MPa
and a thermal conductivity of 0.16 W·m−1·K−1 [6]. The thermal conductivities of wood in
the radial and tangential directions are nearly identical, whereas the conductivity along
the grain has been reported to be higher than that across the grain by a factor of 1.5–2.8 [7].
The anisotropy of wood allows heat to dissipate along the direction of the grain.

Recent advances in wood modification nanotechnology, particularly delignification
treatment, have opened new opportunities to enhance the existing beneficial characteristics
of wood while improving its properties for novel applications. Delignification methods,
which originate from lignocellulosic feedstock pulping and bleaching techniques, are used
to improve the separation of carbohydrate components and to increase the yield of sugar
and energy during combustion [8,9]. The idea of extracting cellulosic substances was further
developed after the discovery of cellulose nanofibrils by Yano et al. [10]. Later, the top-down
method was developed to treat wood without destroying the natural alignment of cellulose
nanofibrils. A. Kumar et al. [11], Terzopoulou et al. [12], and J. Li et al. [13] reviewed
experiments performed on wood delignification and the respective engineered wood. They
concluded that delignification preserves the aligned cellulose structure while enabling
tunable material properties, with potential applications in transparent wood, structural
composites, biodegradable packaging, energy devices, and thermal management.

By creating nanopores through delignification, the thermal conductivity of wood has
been reported to be significantly reduced [14,15]. Delignification creates voids in place of
lignin and hemicelluloses, allowing their replacement with air of lower thermal conductivity
or with other materials. However, excessive delignification can compromise mechanical
integrity, requiring careful control of porosity, thickness, and treatment conditions to
balance performance and structural stability. After the partial or complete removal of lignin
and hemicelluloses, the treated wood is referred to as “delignified wood”, “nanowood”,
“insulwood”, “wood aerogel”, “wood xerogel”, “colorless wood”, “cellulose scaffolds”
or “white wood” [2,5,8,15–22]. Studies have reported its excellent thermal insulation
properties, especially in the transverse direction. Delignified wood was shown to have
a lower transverse thermal conductivity (0.032–0.051 W·m−1·K−1) than natural wood
(0.065–0.156 W·m−1·K−1).

The lack of sufficient information and experimental studies on the use of delignified
wood as a thermal insulator in large-scale applications drives this research. The hypothesis
is that enhancing the porosity of the cell wall structure through delignification treatment
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can reduce the density and thermal conductivity. While most existing delignification
studies focus on complete lignin removal, our work demonstrates the advantages of partial
delignification. Herein, we present the development and characterization of gradient-
delignified poplar wood, a bio-based material that combines reduced thermal conductivity
with structural stability. Unlike fully delignified materials, our gradient approach retains a
lignified core that maintains load-bearing capacity while creating nanoporous delignified
surfaces that lower the thermal conductivity. Through microscopic and macroscopic
characterization, this study aims to verify the potential of such modified wood as a building
material. Our findings fill a critical knowledge gap by providing, for the first time, a
comprehensive thermal, hygric, and mechanical characterization of gradient-delignified
wood. These properties were assessed using 100 cm3 wood boards, which include both
earlywood and latewood annual rings, representing the bulk wood structure and indicating
the potential scalability of the material. For building-scale applications, larger treatment
pilots or the assembly of multiple pieces would be required. The gradient-delignified wood
offers a renewable alternative to synthetic foams, with the added benefits of carbon storage
and reduced environmental footprint.

2. Materials and Methods
2.1. Materials

French poplar (Populus spp.) wood boards were purchased from Chagnon Carpentry
(Boussac, France). They were cut into sections of 100 mm by 10 mm in the transverse plane and
then longitudinally cut to 100 mm along the grain. Larger wood boards (100 × 100 × 10 mm3)
were used to prepare gradient-delignified wood, and small wood blocks (10 × 10 × 10 mm3)
were used to prepare completely delignified wood to characterize the properties of lignin-
free wood. For comparison, stone wool and polyisocyanurate (PIR) foam, provided by
Dagard (Purever Industries, Boussac, France), were used in the thermal and hygric char-
acterizations. The chemical reagents used for wood delignification were purchased from
Sigma-Aldrich (Darmstadt, Germany).

2.2. Wood Delignification Technique

Organosolv pulping via alcoholysis treatment with ethylene glycol has been reported
to produce lignin-free wood after sodium chlorite bleaching [19,23]. The completely lignin-
free wood was prepared using small wood blocks as described in the previous work [24].
For gradient-delignified wood, large wood boards were treated in a covered beaker attached
to a condenser, and the temperature was monitored with a temperature probe connected to
a hotplate stirrer. For one treatment procedure, a total of 750 mL of stock solution consisting
of ethylene glycol, water, and 97% H2SO4 at a mass ratio of 99:0.5:0.5 was prepared for
two wood boards. The wood boards were first impregnated in the solvent under vacuum
for 90 min, and then heated in a covered beaker placed on a hotplate at 140 ◦C for 4 h.
After the alcoholysis treatment, the excess reactants were removed from the samples by
a washing procedure. Next, the wood was subjected to NaClO2 bleaching at 70 ◦C for
8 h. The bleaching solution was prepared by dissolving 8 g of NaClO2 powder in 1200 mL
of water, and 1.6 mL of acetic acid was added. Every hour, an additional 8 g of NaClO2

and 1.6 mL of acetic acid were added to the solution. Upon completion of the wood
modification processes, the samples were rinsed thoroughly to remove the dissolved lignin
and the excess reactants. The samples were first frozen in liquid nitrogen for 15 min, then
freeze-dried at −95 ◦C and 13 hPa in the Heto PowerDry PL6000 freeze-dryer (Thermo
Fisher Scientific, Waltham, MA, USA) located at the Institut Pascal (Université Clermont
Auvergne, France) for 3 days.



Energies 2025, 18, 5519 4 of 28

The treatment of wood boards resulted in partial delignification, creating a composite
material with white delignified surfaces and brown lignified core (Figure 1). Due to the
wood’s hierarchical structure, with lumens, pits, and rays influencing delignifying solvent
flow, the sharp boundary between delignified and intact regions suggests incomplete
diffusion. This finding introduced “gradient-delignified wood”, which balances the desired
thermal insulating properties of wood with the hygric and mechanical properties.

 

Figure 1. Flowchart of fabrication and characterization of gradient-delignified poplar wood made
from 100 cm3 wood boards in this work.

2.3. Sample Characterization
2.3.1. Microscopic Observation

For scanning electron microscopy (SEM) observations, the relevant surfaces of the
native and gradient-delignified wood samples were prepared using a Leica RM2165 rotary
microtome (Leica Microsystems, Wetzlar, Germany) to minimize damage to the wood
structure. The samples were then mounted on stubs using adhesive carbon tabs and coated
with platinum (Quorum Q150 TES, Quorum Technologies, Laughton, East Sussex, UK).
Observations were carried out using a field emission scanning electron microscope Regulus
8230 (Hitachi, Tokyo, Japan) at 2 kV with a secondary electron detector at the Dunant site
platform (CICS, Clermont-Ferrand, France).

2.3.2. Porosity

Porosity is a fraction of the volume of void over the total volume, between 0% and 100%,
as defined in Equation (1). By assuming that the void space is filled with air, Equation (2) is
often used to express the porosity of wood.

Porosity =
Vv

Vt
× 100% (1)
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where Vv [m3] is the volume of void and Vt [m3] is the total bulk volume of material.

Porosity =

(
1 − ρt

ρ∗

)
× 100% (2)

where ρt [kg·m−3] is the bulk density (apparent density) of the wood and ρ∗ [kg·m−3] is
the density of the solid wood substance. The bulk density of the wood samples [kg·m−3]
was calculated as the ratio of mass [kg] to apparent volume [m3]. The density of the solid
wood substance is an ideal physical value for a non-porous lignified cellulosic cell wall. It
is very similar in all timbers (about 1500 kg·m−3) [25].

2.3.3. Thermal Property Characterization

1. Specific heat capacity

Specific heat capacities were measured using a Calvet BT2.15 calorimeter (Setaram,
Caluire-et-Cuire, France) located in the Laboratory of Engineering Sciences for Environment
(LaSIE—UMR 7356 La Rochelle Université—CNRS, La Rochelle, France). The calorimeter
employs heat flux sensors that use Joule effect calibration and fully surround the sample
during the measurement. This setup has a heat measurement efficiency of 95%. The
temperature and enthalpy accuracies are ±0.5 ◦C and ±0.2%, respectively. The samples
were precisely cut to fit the cylindrical sample holder of the calorimeter. The measurement
protocol involved heating the sample at a constant rate of 0.1 ◦C.min−1 from −10 ◦C to
50 ◦C. An initial stabilization period of 3 h at −10 ◦C and a final stabilization period of 6 h
at 50 ◦C were performed. The specific heat capacity was calculated via linear regression of
the thermal capacity versus temperature data in the range from −5 ◦C to 45 ◦C.

The specific heat capacities of three different types of poplar wood (native poplar wood,
delignified poplar wood, and gradient-delignified poplar wood) were determined. The
delignified poplar wood sample used 1 cm3 poplar wood blocks, which were completely
delignified, whereas the gradient-delignified wood used a heterogeneous structure with
varying degrees of delignification between the core and the surface.

2. Thermal conductivity

The thermal conductivity (k) of a material is defined as its ability to conduct heat.
Under steady-state conditions, where the temperature distribution does not change over
time, the thermal conductivity is governed by Fourier’s law (Equation (3)). The higher the
thermal conductivity is, the more efficiently heat flows through the material.

q = −k ∇T (3)

which the heat flux density q [W·m−2] is proportional to the temperature gradient ∇T
[K·m−1] and the thermal conductivity k [W·m−1·K−1].

To compare the thermal conductivity of poplar wood before and after partial delignifi-
cation, two measurement methods were employed: the hot wire method and the heat flow
meter method.

The hot wire method is a transient technique performed using the FP2C conductivity
meter (Neotim, Albi, France). This device can measure thermal conductivities ranging from
0.02 to 5 W·m−1·K−1 with an accuracy of 5%. We assume that the difference in the tangential
and radial directions is negligible. Thus, wood is assumed to be an orthotropic material
with two principal directions, the longitudinal direction and the transverse direction, by
orienting the hot wire either along or across the grain direction. The “true” value of the
thermal conductivity cannot be obtained, but it is possible to distinguish the longitudinal
and transverse thermal conductivities [26,27]. It provides comparative data by applying a
consistent methodology. For the hot wire method, two orientations relative to the wood
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fibers were considered: parallel (∥) and perpendicular (⊥) to the fiber direction. When the hot
wire is parallel to the fiber direction, the measurement reflects the transverse thermal conductivity.
When perpendicular, the results consider both transverse and longitudinal conductivity.

Thermal conductivity measurements were also conducted at the laboratory in Da-
gard using a LaserComp FOX 314 thermal conductivity heat flow meter (TA Instruments,
New Castle, DE, USA). It can measure thermal conductivities ranging from 0.005 to
0.35 W·m−1·K−1 with an accuracy of 1%. A temperature difference of 20 ◦C was ap-
plied across the plates, and each plate was equipped with a 100 mm × 100 mm heat flux
transducer for the determination of thermal conductivity. To minimize edge effects, a
polyisocyanurate foam frame was placed around the sample. The heat flow meter method
only measures transverse thermal conductivity, limited by the wood sample format.

3. Thermal diffusivity and effusivity

The thermal diffusivity, α [m2·s−1], was measured using the hot ring probe (Neotim,
Albi, France), which is capable of measuring the thermal diffusivity within the range of
0.1–4 mm2·s−1 with an accuracy of 10%. In addition, the thermal diffusivity was also
calculated using Equation (4). The thermal effusivity, e [J·m−2·K−1·s−0.5], was measured
using the hot surface probe (Neotim, Albi, France), which can measure thermal effusivity
values ranging from 20 to 10,000 J·m−2·K−1·s−0.5 with an accuracy of 5%. Similarly, the
thermal effusivity was also calculated, using Equation (5).

α =
k

ρ·Cp
(4)

e =
√

k·ρ·Cp (5)

where k, ρ, and Cp are the thermal conductivity [W·m−1·K−1], density [kg·m−3], and
specific heat capacity [J·K−1·kg−1], respectively.

2.3.4. Hygric Property Characterization

1. Moisture storage function

The moisture storage function, also known as the vapor sorption capacity, is a property
that describes the ability of a material to absorb and release water vapor from the surround-
ing environment. The isotherms were programmed using a dynamic vapor sorption (DVS)
device that operates via a gravimetric method, the SPSx-1µ (ProUmid, Ulm, Germany)
device located at the Laboratory of Engineering Sciences for Environment (LaSIE—UMR
7356 La Rochelle Université—CNRS, France). Measurements were conducted at a constant
temperature of 25 ◦C, with the relative humidity increasing in steps of 15%, ranging from
0% to 90%, for both the adsorption and desorption phases. Due to the lightweight samples,
the stability criterion between each step (dm/dt) was set at 0.003% over 120 min, which is
close to the reproducibility limit of the weighing balance (5 µg), with manual deactivation
when necessary. A preliminary drying phase was programmed in the device. The mass
change kinetics during both drying and humidification were monitored by weighing the
samples every 60 min. Each relative humidity took approximately two weeks to stabilize,
with the entire analysis spanning over four months.

2. Water vapor transmission properties—Dry cup method

The dry cup method was selected to determine the water vapor resistance factor (µ) for
four materials: stone wool, PIR foam, native poplar wood, and gradient-delignified poplar
wood. The samples were prepared by cutting them into round shapes with a diameter
of 6 cm, and their exact dimensions were measured. Silica gel was used as a desiccant to
maintain the internal humidity between 0% and 2% RH, with a 15 mm air gap between
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the silica gel and the sample. The dry cup was carefully sealed with silicone to ensure
unidirectional moisture transfer. The test assemblies were placed in a HPP260 constant
climate chamber (Memmert GmbH, Schwabach, Germany) set at 23 ◦C and 50% RH. The
chamber provides constant temperature and RH conditions in the range from −10 ◦C to
70 ◦C and from 10% RH to 90% RH, with precisions ±0.1 ◦C and ±0.5%, respectively.
The test assemblies were weighed every 4 h until the slope of the water vapor flux curve
was constant. The data collected were used to determine the water vapor transmission
properties according to NF EN ISO 12572 and NF EN ISO 12086 [28,29].

3. Water absorption coefficient by partial immersion

Liquid transport properties determine how quickly a material can absorb, distribute,
and release water, influencing its overall performance for specific applications. To under-
stand water absorption kinetics, the water absorption coefficient (Aw) is used to quantify
the rate of water absorption in a material by the partial immersion method, as defined in
NF EN ISO 15148 [30].

To determine the water absorption coefficient (Aw) for stone wool, PIR foam, native
poplar wood, and gradient-delignified poplar wood, samples were cut into squares with
75 mm sides. The sides of each sample were sealed with silicone and dried at room
temperature until they reached a constant mass. The samples were then partially immersed
in water, with 3 mm of the thickness submerged on one face. After 5 min, the samples
were removed from the water, and any excess surface moisture was wiped away with a
damp cloth before weighing. This procedure of immersion, removal, surface drying, and
weighing was repeated at increasing time intervals. The mass of water absorbed per unit
area is plotted against the square root of time, with the slope of the initial linear portion of
this curve representing Aw [kg·m−2·s−0.5] (Equation (6)).

Aw =
∆m
S
√

t
(6)

where ∆m [kg] is the change in mass, S [m2] is the immersed surface area, and t [s] is the
time. The slope of the plot of ∆m/S against

√
t was used to determine the coefficient Aw.

The coefficient Aw can be used to determine the liquid transport coefficient for suction
(Dws), which is the rate of moisture flow through a material under a unit difference in
moisture concentration. Dws [m2·s−1] is calculated with the water absorption coefficient
and the moisture storage function using Equation (7).

Dws(w) = 3.8 · (A/wf)
2 · 1000(w/wf )−1 (7)

where w [kg·m−3] is the moisture content and wf [kg·m−3] is the free water saturation.

2.3.5. Mechanical Property Characterization

To evaluate the potential of gradient-delignified wood as a thermal insulating material,
compressive tests were conducted following the NF EN 826 standard [31]. These tests
were performed using a universal testing machine (Dagard, Boussac, France) equipped
with a 10 kN load cell at a crosshead speed of 1 mm.min−1. The samples were carefully
cut from larger wood boards with approximate side lengths of 10 mm. The samples were
conditioned in an ambient environment (20 ◦C, ~60% RH). Before testing, the samples
were weighed, and their exact dimensions were measured using a digital caliper for the
following calculations of stress and strain. Three samples were prepared for each directional
orientation (longitudinal, radial, and tangential) to ensure an average evaluation of the
compressive properties. Stress–strain (σ-ε) curves were plotted from the recorded force and
displacement data.
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3. Results and Discussion
3.1. Microscopic Observations

SEM images can provide visual analysis of the microstructural differences between
native poplar wood and gradient-delignified poplar wood. The images presented in
Figure 2 illustrate how the delignification process progressively alters the wood architecture,
particularly affecting the interconnectivity of wood fiber cells and overall porosity.

 

Figure 2. SEM images of the (a–d) native poplar wood, (e–h) core, and (i–l) surface of gradient-
delignified poplar wood. Yellow arrows indicate the delignified cell wall corners, and green arrows
indicate the cell wall separation.

SEM images in the literature revealed that the native hierarchical structure of wood
is preserved at the microscale after delignification, with the overall honeycomb-like archi-
tecture remaining intact. In the nanostructure, the orientation of the cellulose fibrils was
preserved along the cell axis [32,33]. Cellulose fibrils were reported to appear as small
white dots on the surface, and the removal of lignin isolates these fibrils and creates spaces
between them. The formation of new pores within the cell wall and cracks in the former
lignin-rich cell corners explains the increase in porosity after delignification treatment [32].
Kurei et al. [34] carried out a detailed analysis of SEM images of Japanese cedar subjected to
different treatments to reduce the content of wood components (polysaccharide or lignin).
After the complete removal of lignin through a combination of alcoholysis and sodium
chlorite bleaching treatment, the cell arrangement remained unchanged. However, the
lack of lignin causes more significant transverse swelling due to the loss of adhesion force
between wood cells. The complete delignification treatment was reported to remove the
cell corner substances and round off the shape of the cells [34].

Figure 2a shows that the native poplar wood has a typical structure of diffuse-porous
hardwood. The cell walls range from 1.46 to 3.78 µm thick and maintain a well-organized
and tightly packed cellular arrangement. In the central region of the gradient-delignified
wood (core), a slight alteration in the wood architecture was observed. Figure 2h shows
the presence of small spaces at the cell wall corner, indicating the partial removal of non-
cellulosic substances from the middle lamella. The overall structure remained largely
similar to that of native wood. The cell wall thickness in this region ranges from 1.77 µm
to 3.58 µm (Table 1), suggesting that incomplete lignin removal allows the preservation
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of the core’s structural integrity. In contrast, the peripheral region of gradient-delignified
wood (surface), which was directly exposed to the delignifying solution, presented a more
deformed cellular structure. Here, the cell wall thickness varies from 2.17 to 3.98 µm.
Figure 2k shows significant deformation of the lumens and vessels, with a remarkable
collapse of the wood fibers. This region exhibited more extensive or nearly complete
lignin removal, resulting in wood cell isolation and more open spaces at the cell wall
corner, further increasing the porosity of the wood. This increased porosity likely increased
the water absorption capacity and reduced the thermal conductivity, making it suitable
for insulation applications. However, these structural changes also compromised the
mechanical performance of the wood due to the loss of lignin, which serves as a binding
component for the strength and rigidity of the wood. By combining the properties of the
central and peripheral regions of the gradient-delignified wood, both the thermal and
mechanical properties can reach equilibrium.

Table 1. Thickness of wood cell walls measured on SEM images of native and gradient-delignified
poplar wood.

Type of Poplar Wood Cell Wall Thickness [µm]

Native 1.46–3.78
Gradient-delignified (core) 1.77–3.58

Gradient-delignified (surface) 2.17–3.98

The partial delignification process in bulk wood resulted in a gradient of non-cellulosic
substances removal, with the delignification efficiency increasing from the core to the
surface of the wood. This gradient led to an increase in porosity and eventual deformation
of the lumen, particularly toward the outer regions. Despite the loss of substances and
associated mass loss, the cell walls in gradient-delignified wood are thicker than those in
native wood (Figure 3). This observation suggests that the wood cell walls underwent
swelling during the delignification process, likely due to the absorption of the delignifying
solution and the subsequent removal of lignin, which created nano-scale pores within the
cell walls. The increased porosity and thicker cell walls in gradient-delignified wood, as
evident in the SEM images, suggest that this material could be a promising option for
thermal insulation applications.

2.32

2.82
3.05

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

Native poplar wood Gradient-delignified
poplar wood (core)

Gradient-delignified
poplar wood (surface)

Ce
ll 

w
al

l t
hi

ck
ne

ss
 [µ

m
]

Figure 3. Cell wall thickness of native and gradient-delignified poplar wood measured on SEM
images (mean cell wall thickness [µm] ± standard deviation).
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3.2. Thermal Properties
3.2.1. Specific Heat Capacity

The specific heat capacity (Cp) of a material allows us to understand its thermal behav-
ior, particularly in applications related to insulation. The specific heat capacity determines
the amount of heat energy required to increase the temperature of a material, which directly
influences how quickly it heats up and cools down in response to environmental changes.
This property is important for building materials where thermal performance and energy
efficiency are key considerations. The specific heat capacity of wood is generally indepen-
dent of density or species [7], but it varies with temperature, moisture content, and state of
matter. Experimentally, the average specific heat capacity of wood has been determined to
be approximately 1.356 kJ·K−1·kg−1. However, each wood component has different spe-
cific heat capacities, for example, 1.549 kJ·K−1·kg−1 for cellulose and 0.67 kJ·K−1·kg−1 for
charcoal [25]. Liquid water has one of the highest specific heat capacities among common
substances, approximately 4.184 kJ·K−1·kg−1 at 20 ◦C. Hence, moist wood has a higher
heat capacity than dry wood. Above the fiber saturation point, the additional moisture
significantly contributes to the heat capacity of wood [7]. Compared with native wood,
delignified wood, which has been treated to remove non-cellulosic substances, possesses
different thermal properties.

Across the temperature range examined, the specific heat capacity of all the wood
samples increased with temperature (Figure 4). This behavior is common for most materials,
as more energy input is generally required for further temperature increases, suggesting that
the materials become less efficient at storing thermal energy at lower temperatures. Importantly,
the temperature variation has a non-negligible effect on the heat capacity of a material.

Among the three types of poplar wood, delignified poplar wood presented the highest
specific heat capacity across the entire temperature range. This finding indicates that the
removal of lignin significantly improves the ability of a material to store thermal energy.
This observation aligns with previous findings by Garemark et al., who also reported
that delignification can lead to increased specific heat capacity [17]. By applying the
rule of mixtures without considering the latent heat of phase change, the specific heat
capacity of delignified wood with a high relative cellulose content is close to the value of
cellulose. Native poplar wood presented the lowest specific heat capacity, which implied
that it heats up and cools down more quickly than the delignified samples do. The low
specific heat capacity values can be attributed to the presence of lignin, which has a
lower specific heat capacity than cellulose and hemicelluloses. Gradient-delignified poplar
wood, with intermediate specific heat capacity values, demonstrated a clear correlation
between the degree of lignin removal and the increase in specific heat capacity. The partial
delignification process, which leaves the wood with a heterogeneous structure, results in
equivalent thermal properties that fall between those of fully delignified and native wood.

The data presented in Figure 4 are useful for modeling heat transfer through walls
when evaluating the thermal performance of buildings. The higher specific heat capacity
of treated poplar wood indicates that it can absorb and store more heat, leading to slower
temperature fluctuations and increased thermal inertia. It offers a longer thermal lag,
meaning that it takes longer to reach equilibrium with the surrounding temperature. This
property is beneficial in colder climates, where the thermal mass can regulate the indoor
temperature more efficiently and reduce energy consumption by minimizing the need for
an active heating system. In contrast, conventional insulating materials such as polystyrene,
which typically have a specific heat capacity of approximately 1.2 kJ·K−1·kg−1, contribute
less to the overall thermal mass of a building due to their low density [35,36]. Native poplar
wood already has a higher specific heat capacity than synthetic insulation materials do,
making it an ideal building material when thermal insulation, thermal mass, and ecology
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are desirable. The increased heat capacity after wood delignification further enhances
its potential as a sustainable and efficient building material, offering the dual benefits of
improved thermal inertia and reduced heat propagation over time. However, in warmer
climates, the same effect can prolong elevated indoor temperatures, potentially increasing
the need for cooling. Therefore, the application of such materials should be carefully
evaluated depending on the building’s climatic design.
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Figure 4. Specific heat capacity of different types of poplar wood across a temperature range from −5 ◦C
to 45 ◦C, compared with the reported values of polystyrene [37].

3.2.2. Thermal Conductivity

In the design and selection of building materials, the thermal conductivity of materials
is the most important for energy savings and thermal insulation. By selecting materials with
low thermal conductivity, the energy efficiency of buildings can be significantly improved,
leading to reduced heating and cooling costs [14]. In homogeneous materials such as
metals, heat is transferred evenly in all directions, which is known as isotropy. However,
the thermal conductivity of wood is not uniform in all directions because of its anisotropic
nature. The properties of anisotropic materials vary depending on the direction in which
they are measured. Wood’s anisotropy is due to its cellular structure, which includes radial,
tangential, and longitudinal orientations and the development of earlywood and latewood
for each annual ring [38]. Its thermal conductivity is lower in the direction perpendicular
to the fiber axis because the heat path is interrupted by air-filled lumens. In contrast, the
thermal conductivity of wood is greater along the grain (longitudinal direction parallel to
the fiber axis). Furthermore, the thermal conductivity of wood is influenced by density, the
presence of extractives and defects, and especially the moisture content [25].

The thermal conductivity measurements of native poplar wood and gradient-
delignified poplar wood using the hot wire method are shown in Figure 5. The results
indicated a lower thermal conductivity when the wire was placed parallel to the fibers. This
value, which represents the equivalent thermal conductivity of the radial and tangential
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directions of the wood, aligns with the expectation that heat transfer is less efficient across
the grain. After partial delignification, the thermal conductivity decreased in both orien-
tations. This reduction was attributed to the removal of lignin, which increased porosity
and reduced wood density. The newly formed pore spaces disrupted heat conduction
pathways, leading to lower thermal conductivity. The higher standard deviation observed
for gradient-delignified wood is attributed to the heterogeneity of the material. Different
regions may be more or less delignified, leading to variability in local thermal properties.
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Figure 5. Thermal conductivities of native and gradient-delignified poplar wood measured by the
hot wire method (thermal conductivity [W·m−1·K−1] ± standard deviation).

Figure 6 presents the relationship between the density and transverse thermal conduc-
tivity of different materials: humid and dry native poplar, gradient-delignified poplar, stone
wool, and PIR insulation. The data measured using a heat flow meter confirmed that the
moisture content significantly influences the thermal conductivity of wood. Humid native
poplar wood has the highest transverse thermal conductivity (0.091 W·m−1·K−1) because
water has a higher conductivity than air. Dry native poplar wood has a reduced thermal
conductivity (0.079 W·m−1·K−1), highlighting the importance of moisture control for better
insulating properties. The use of gradient-delignified poplar wood further reduces the
transverse thermal conductivity to 0.057 W·m−1·K−1, primarily due to increased porosity,
which increases from 72% to 82% in native wood. This increased porosity allows more air to
be captured within the structure, improving its insulation properties. However, compared
with conventional insulators such as stone wool and PIR, gradient-delignified poplar does
not meet the insulating effectiveness requirements (≤0.042 W·m−1·K−1).

The agreement between the heat flow meter and the hot wire (parallel to the fiber
direction) confirmed the reliability of measuring the transverse thermal conductivity in this
orientation. Both techniques consistently demonstrated a reduction in thermal conductivity
after delignification. Figure 7 shows the decrease in transverse and longitudinal thermal
conductivity as a function of wood density, in comparison with literature data. Anisotropy
was observed by the higher values measured in the longitudinal direction due to the axial
fiber orientation. The gradient-delignified wood developed in this work (yellow empty
markers) presents a balanced combination of thermal conductivity and density, positioned
between natural and fully delignified wood. Overall, these results demonstrated that
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delignification treatment can improve the thermal insulating ability of wood. To meet the
requirements of thermal resistance for applications, increasing the material’s thickness
might be necessary. Additionally, maintaining a low moisture content in the material is
important, as increased humidity directly increases the thermal conductivity, thus reducing
the insulation efficiency. This highlights the need to understand the hygric properties of
wood-based insulation materials.
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Figure 6. Thermal conductivities of native, gradient-delignified poplar, stone wool, and PIR samples
measured with a heat flow meter, along with their densities.
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while empty markers indicate values after treatment. Legends specify wood species, treatment
method, and drying method.
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3.2.3. Heat Diffusivity and Effusivity

With the specific heat capacity and thermal conductivity data from the previous sec-
tions, the thermal effusivity and diffusivity of native and gradient-delignified poplar wood
can be determined. These calculated values were then compared with direct measurements
obtained using a hot ring probe and a hot surface probe. Table 2 presents the thermal
effusivity and diffusivity for both native and gradient-delignified poplar wood, which were
derived from their respective densities, specific heat capacities, and thermal conductivities.

Table 2. Thermal effusivity and diffusivity of native and gradient-delignified poplar wood calculated
by equations via density, specific heat capacity, and transverse thermal conductivity measured by the
heat flow meter method.

Properties Native Poplar Wood Gradient-Delignified Poplar Wood

Density, ρ [kg·m−3] 423 272
Porosity [%] 71.8 81.9

Specific heat capacity at 20 ◦C, Cp [kJ·K−1·kg−1] 1.36 1.40
Transverse thermal conductivity, k [W·m−1·K−1] 0.079 0.057
Transverse thermal effusivity, e [J·m−2·K−1·s−0.5] 213.18 147.32
Transverse thermal diffusivity, α [10−7 m2·s−1] 1.37 1.50

The thermal effusivity, which measures a material’s ability to exchange heat with
its environment, decreased from 213.18 J·m−2·K−1·s−0.5 in native poplar wood to
147.32 J·m−2·K−1·s−0.5 in gradient-delignified poplar wood. This reduction was primarily
due to the lower density and thermal conductivity of the wood after treatment, despite its
slightly higher specific heat capacity. The lower value of thermal effusivity suggests that
gradient-delignified poplar wood feels less “cold” to the touch as it absorbs heat from its
surroundings more slowly than native wood does.

The thermal diffusivity, which indicates the rate at which heat spreads through a material,
increased slightly from 1.37 × 10−7 m2·s−1 in native poplar wood to 1.50 × 10−7 m2·s−1

in gradient-delignified poplar wood. This increase was attributed mainly to the lower
density following delignification. This indicated that heat propagates faster through the
gradient-delignified wood than through its native state. Garemark et al. also reported that
the thermal diffusivity of balsa wood increases after delignification, from 4.7 × 10−7 m2·s−1 to
8.7 × 10−7 m2·s−1 in the axial direction and from 3.0 × 10−7 m2·s−1 to 5.0 × 10−7 m2·s−1 in
the radial direction [17]. This increase suggests that the internal temperature of delignified
wood can be adjusted more quickly in response to external heat sources.

The experimental measurements of thermal effusivity and diffusivity confirmed the
observed trends after partial delignification, although they may not represent absolute
values because of the anisotropic nature of wood. The coherence between the calculated
and measured results strengthened the understanding that partial removal of non-cellulosic
substances reduces the thermal conductivity and effusivity while increasing the thermal
diffusivity (Figures 8 and 9). These findings, combined with data on specific heat capacity
and thermal conductivity, provide valuable insight into how delignification alters the
thermal performance of poplar wood, which can further be used to evaluate the feasibility
of using gradient-delignified poplar wood as a thermal insulation material.
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Figure 9. Thermal diffusivity measured by a hot ring probe of native and gradient-delignified poplar
wood (thermal diffusivity [10−7 m2·s−1] ± standard deviation).

3.3. Hygric Properties
3.3.1. Moisture Storage Function

The moisture storage function is important for building materials, as it helps regulate
indoor humidity levels to maintain a healthy indoor environment. Additionally, it allows
the understanding of how materials behave in moist surroundings, which is useful for
predicting dimensional variations due to relative humidity changes. These dimensional
changes are linked to fluctuations in the water content of the material, making the study
of moisture storage functions essential for the performance and durability of wood-based
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products [4]. A wood will adsorb surrounding condensable vapors until its equilibrium
moisture content is reached. The sorption isotherms for native poplar wood, delignified
poplar wood, and gradient-delignified poplar wood are shown in Figure 10.
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Figure 10. Sorption isotherms of native poplar wood, delignified poplar wood, and gradient-
delignified poplar wood (solid line: adsorption; dotted line: desorption).

Delignification significantly altered the moisture sorption behavior of the wood. Lignin
is a hydrophobic structural polymer that helps reduce the wood’s sensitivity to moisture.
When lignin is removed, the number of accessible hydroxyl (OH) groups in the wood cell
wall increases and attracts more moisture. Grönquist et al. investigated sorption isotherms
at different levels of delignification. Norway spruce cubes of 5 mm side length were treated
with a mixture of hydrogen peroxide and acetic acid (H2O2/AA) at 80 ◦C for durations
ranging from 15 to 360 min [41]. Without prior freeze-drying, the delignified wood was
dried at 60 ◦C for 6 h at a partial water vapor pressure of p/p0 = 0 under nitrogen flow
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directly in the DVS instrument. The results indicated that gradient-delignified samples
adsorbed more water than did native wood, but further delignification led to a decrease
in adsorption capacity, likely due to the collapse of the wood cell wall structure after
drying, as the supporting matrix of lignin was removed [41]. Montarina et al. [42] further
modified delignified wood and investigated the effects of esterifying delignified wood with
various anhydrides, such as maleic, itaconic, and succinic anhydrides. These esterification
treatments were reported to reduce moisture uptake by introducing a bulking effect in
wood cell walls, which decreases the chemical accessibility of water to limit hygroscopicity
in transparent wood applications [42].

The sorption isotherms revealed how the water content in these materials varies with
the surrounding relative humidity (RH). An IUPAC type II H3 pattern was identified,
indicating that macropores with capillary condensation dominate the material’s behavior.
Both native and completely delignified poplar wood showed similar moisture absorption
behaviors, with delignified wood having a lower moisture storage capacity. This phe-
nomenon suggested that fully delignified wood is more susceptible to irreversible collapse,
leading to a reduction in porosity during testing [41]. Water vapor diffused from the surface
to the core through adsorption and capillary action in the pores. This movement, without
saturating the entire sample, caused wetting and drying across the sample. Consequently,
the collapse of wood cells occurs, but this phenomenon needs to be further verified using
nitrogen sorption or SEM observations.

The gradient-delignified poplar wood presented a distinct pattern, with a relatively
high water content across all RH levels. Especially at RH levels above 75%, the water
content in gradient-delignified wood increased steeply, indicating a high sensitivity to hu-
midity. This increased moisture absorption can be attributed to the material’s composition.
Hemicelluloses have been reported to have the highest sorptive capacity and contribute
37% to the total sorption of wood, followed by cellulose and lignin, which contribute 47%
and 16%, respectively [25]. Delignified zones (white areas) are primarily composed of
hydrophilic cellulose, which absorbs water more efficiently from the environment, whereas
the remaining zones (brown areas) with remaining hemicelluloses and lignin store more
moisture, contributing to the overall higher water content (Figure 11). In terms of sorption
kinetics, the mass of the gradient-delignified samples increased immediately when the rela-
tive humidity changed, followed by a gradual decrease. Additional tests were conducted on
these samples by placing them in environments of 15% and then 50% relative humidity. The
same behavior was observed when the mass was measured every 60 min, suggesting that
gradient-delignified wood underwent compositional changes when subjected to variations
in ambient humidity.

 
Figure 11. Image of gradient-delignified poplar wood comprising delignified (white color) and
lignified (brown color) zones.
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At high RH levels, gradient-delignified poplar wood can reach a water content of up
to 35–40%, which is significantly higher than the 20–25% observed in native and fully delig-
nified wood. This suggests that while gradient-delignified wood may be advantageous
for moisture regulation in indoor environments, caution is necessary to avoid exceeding
moisture levels that could promote mold growth. Additional treatment or protection might
be needed. Below 75% RH, the differences among the wood samples remain minimal and
are influenced mainly by sample size and wood orientation. At the end of the desorption
stage, when the relative humidity reached 0%, gradient-delignified wood samples pre-
sented masses lower than their initial dry mass. This final mass is considered the sample’s
dry mass, and the water content is calculated relative to it, rather than assuming an initial
water content of zero. The hypothesis is that residual chemical reagents in the wood gain
moisture during the test, potentially reactivating and degrading some wood components.
These newly discovered results demonstrated the impact of partial delignification on the
moisture-handling properties of wood, where increased porosity and cellulose exposure on
the surface led to increased water absorption.

Understanding the moisture storage function of a material is essential for evaluating
its hygrothermal performance, particularly in building applications where the thermal
conductivity is highly affected by the moisture content. Sorption isotherms allow better
prediction of hygrothermal behavior at larger scales and identify the need for protective
treatments or further modifications for suitable applications.

3.3.2. Water Vapor Transmission Properties

In the performance evaluation of bio-based materials in terms of thermal insulation
and durability, the water vapor diffusion resistance factor (µ) is an important factor. This
indicates how much the material is more resistant to diffusion than an air layer of the
same thickness at the same temperature. A lower µ value indicates a material’s higher
permeability to water vapor, reflecting its hydrophilic nature. The results of the water
vapor transmission properties of various materials, including stone wool, polyisocyanurate
(PIR), native poplar wood, and gradient-delignified poplar wood, obtained from dry cup
tests, are presented in Table 3.

Table 3. Water vapor transmission properties of various materials obtained from dry cup tests.

Water Vapor Transmission Properties Stone Wool PIR Native Poplar Wood Gradient-Delignified Poplar Wood

Water vapor permeance, W
[10−10 kg·Pa−1·m−2·s−1] 17.159 2.507 1.832 3.602

Corrected water vapor permeance (without air layer resistance), Wc
[10−10 kg·Pa−1·m−2·s−1] 19.784 - - -

Water vapor resistance, Z
[109 Pa·m2·s·kg−1] 0.506 3.989 5.457 2.776

Water vapor permeability, δ
[10−12 kg·Pa−1·m−1·s−1] 22.844 3.049 1.788 3.768

Water vapor diffusion resistance factor, µ
[-] 8.490 63.760 108.713 51.575

Water vapor diffusion-equivalent air layer thickness, Sd
[m] 0.098 0.776 1.061 0.539

Among the materials tested, stone wool had the highest water vapor permeance, Wc

(19.78 × 10−10 kg·Pa−1·m−2·s−1) and permeability, δ (22.844 × 10−12 kg·Pa−1·m−1·s−1),
allowing water vapor to pass through more easily. Native poplar wood had the lowest
water vapor permeability, δ (1.788 × 10−12 kg·Pa−1·m−1·s−1) and the highest water vapor
resistance, Z (5.457 × 109 Pa·m2·s ·kg−1), indicating its strong resistance to water vapor
transfer across the grain. After partial delignification, the water vapor permeance of poplar
wood increased significantly, confirming that the removal of non-cellulosic substances
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facilitates mass transfer between ambient air and materials. More water vapor was allowed
to pass through the material more easily. A comparison of the water vapor resistance factor
(µ) among the materials revealed that the µ of poplar wood decreased from 108.713 to
51.575 after partial delignification, similar to PIR, making it more permeable to water vapor
but still more resistant than stone wool (µ = 8.49). This again demonstrated the presence of
higher open porosity across the grain of gradient-delignified poplar wood. For such highly
hygroscopic materials, the vapor permeability increases exponentially with a power law
relationship as the ambient humidity increases due to the increase in water content [43].
This finding indicates that while delignification increases the material’s permeability, it does
not make it as open to vapor transfer as does stone wool. Understanding these properties
allows the appropriate selection of the material for specific environmental conditions.

For anisotropic materials like wood, where liquid conduction is faster in the longitu-
dinal direction, it is important to test in the direction of the intended application that is
exposed to water vapor. Determining water vapor permeability is necessary to understand
how water vapor can diffuse inside a material and potentially create zones with high
relative humidity and low temperature, increasing the risk of condensation. Condensation
can lead to mold growth, which can affect human health and cause long-term structural
damage. To mitigate this risk, adding a vapor barrier in places where moisture levels are
highest is a common practice. The thermal properties are also affected by the presence
of moisture, as mentioned earlier. Thus, it is necessary to identify the water vapor per-
meability of new materials under different climatic conditions to perform hygrothermal
simulations of walls.

3.3.3. Water Absorption Coefficient

The water absorption coefficient (Aw) indicates how quickly a material can absorb
water when partially immersed, allowing for an understanding of the liquid transport
properties of porous materials. This imbibition method causes capillary flow through
porous structures, which can be described via Washburn’s equation. Wood is a naturally
porous material; when exposed to liquid water, especially above the fiber saturation point,
liquid water can quickly fill the cell lumina with water [7]. Delignified wood with increased
porosity requires an understanding of its liquid transport properties to ensure its long-
term performance. As high water absorption can lead to dimensional instability, reduced
mechanical strength, and increased risk of fungal or insect attack, it is therefore necessary
to evaluate the material’s behavior in the case of moisture exposure.

The resulting water absorption coefficients (Aw) of native poplar wood, gradient-
delignified poplar wood, stone wool, and PIR are presented in Table 4. Figure 12 revealed
that water absorption occurs in two stages: an initial rapid phase of water absorption
into the pores as a result of capillary action and hydrophilicity, followed by a slower
phase as the saturation point is reached. Native poplar wood, even when tested across
the grain, absorbs water relatively fast. However, after wood modification, gradient-
delignified wood had the highest absorption capacity, with the steepest slope in the graph,
which was likely due to its higher open porosity resulting from delignification. Despite
the orientation of the fibers being perpendicular to the water absorption direction, the
presence of some ray cells and a new porosity facilitated water capillary movements.
The first initial rapid water absorption phase could have taken place even earlier, before
the first measurement (less than 5 min), resulting in a nearly vertical slope between the
origin point (0,0) and the first measurement. The water absorption coefficient could have
been underestimated. The presence of lignin, which is hydrophobic, moderates overall
water absorption and acts as a water barrier. As non-cellulosic substances, particularly
lignin, are removed, the modified wood becomes more hydrophilic and porous, facilitating
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greater water uptake. The improved hygroscopicity of gradient-delignified wood was
also due to its high volume of nanopores. These newly created pores, present in the cell
wall of wood fibers, have nano-scale diameters, favoring the adsorption and capillary
condensation of water. Regrettably, this caused the modified wood to be more susceptible
to water absorption, which could be a disadvantage in moisture exposure applications,
such as outdoor construction. Conventional insulation materials, such as stone wool
and PIR, have very slow absorption rates, and PIR has nearly zero water absorption
capacity. These materials are designed to resist water absorption, which is desirable for
insulation materials used in moist environments. Thus, gradient-delignified wood may not
be suitable for insulating purposes in humid environments unless it is treated or combined
with hydrophobic protection layers.

Table 4. Water absorption coefficient, Aw, of various materials obtained from partial immersion.

Materials Linear Equation
∆m
S =f(

√
t)

Coefficient of Determination, R2 Water Absorption Coefficient,
Aw [kg·m−2·s−0.5]

Stone wool 0.28
(√

t
)

+ 26 0.8947 0.203

PIR 0.07
(√

t
)

+ 29 0.7273 0.064

Native poplar wood
(transverse direction)

4
(√

t
)

+ 216 0.9998 4.018

Gradient-delignified poplar wood
(transverse direction)

7
(√

t
)

+ 3408 0.9908 6.769
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Figure 12. Water uptake by liquid water absorption vs. square root of time.

The water absorption coefficient (Aw) was then used to determine the liquid transport
coefficient, Dw (m2·s−1), with the moisture storage function. The complete saturation
of samples at 100% RH for the definition of free water content was difficult to measure
precisely because of its exponential increase. The values used in the calculation were
expected to be underestimated. Figure 13 illustrates that gradient-delignified poplar wood
had a higher liquid transport coefficient than native poplar wood did, especially at higher
normalized water contents. This indicated that the material had become more porous and
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hydrophilic, leading to faster water transport through the gradient-delignified wood as it
became saturated, even in the fibers’ transverse direction.
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Figure 13. Liquid transport coefficients, Dw of native and gradient-delignified poplar wood.

3.4. Mechanical Properties

Wood’s mechanical properties, such as strength and stiffness, usually increase with
density. However, delignification leads to pore creation, a reduction in density, and conse-
quently, a decrease in mechanical strength. Compression tests can reveal the behavior of
delignified wood, particularly its compressive strength, modulus of elasticity, and stress–
strain response, under different loading directions. As lignin acts as the natural binder
between cellulose fibrils in wood, its absence weakens the overall structure. Additionally,
delignified wood presents micron-scale cavities and nanoscale pores that develop during
lignin removal, which reduces its compressive strength [44]. For example, “nanowood” has
a compressive strength of 13 MPa in the axial direction, which is lower than that of natural
basswood (~32.5 MPa) due to the absence of lignin [15]. Delignified wood also showed
reduced stiffness, as indicated by the elastic Young’s modulus of 184.9 MPa for delignified
balsa wood, compared with 216 MPa for untreated balsa wood [44]. In contrast, wood foam
prepared by sulphonation of pine wood, which retains lignin and hemicelluloses, has a
higher Young’s modulus of 344 MPa in the longitudinal direction, indicating that partial
lignin retention can optimize stress transfer between cells to increase the load-bearing
capacity [34,45].

The key results from the stress–strain (σ-ε) curves were summarized in terms of
compressive stress at 10% strain (Figure 14) and compressive strength (Figure 15). The
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compressive strength values could only be obtained in the longitudinal direction due to
the occurrence of fracture stress. In contrast, the radial and tangential directions exhibited
densification behavior where lumens were compressed and the fibers were densified until a
maximum strain was reached, transmitting the load to the testing machine without fractur-
ing. This densification process has the potential to make stronger materials. Densification
without rupture in the transverse direction might improve the stress-bearing capacity in
the longitudinal direction due to the closure of lumens and increased friction between the
cell walls and cellulose fibrils.
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Figure 14. Compressive stress at 10% strain of native and gradient-delignified poplar wood in the L,
T, and R directions (stress [MPa] ± standard deviation).

After modification, the mechanical properties of the gradient-delignified wood deteri-
orated. Lignin acts as an adhesive between cellulose, contributing to the overall strength
and stiffness of wood. Its removal isolated cellulose microfibrils, particularly in the middle
lamella and cell wall corners, reducing friction among fibrils and leading to uneven and
ineffective stress transfer.

The anisotropic nature of wood, where the alignment of cellulose fibers along the
longitudinal direction results in the highest mechanical properties, is evident in Figure 14.
Despite partial delignification, the natural orientation and crystalline structure of cellulose
were maintained, preserving strength in the longitudinal direction. However, a significant
reduction in the elastic Young’s modulus was observed, likely due to the decreased ability
to transfer stress effectively, causing the modified wood to reach 10% strain at lower
stresses. In the radial and tangential directions, the load-bearing capacity of the wood
was lower due to the presence of larger lumens, particularly in earlywood. In the radial
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direction, earlywood dominated the initial stress response because of its softer and more
deformable cell walls. Figure 14 also shows that poplar wood experienced even greater
strength loss after partial delignification. Variations in the earlywood-to-latewood ratio and
inconsistencies in the uniformity of the delignification treatment likely contributed to the
variability in the values of the mechanical properties among the samples. However, distinct
mechanical performance deterioration can be observed in the wood after modification.

34.8

15.9

0

5

10

15

20

25

30

35

40

Co
m

pr
es

siv
e 

st
re

ng
th

 [M
Pa

]

Native poplar wood

Gradient-delignified poplar wood

Longitudinal

Figure 15. Compressive strength of native and gradient-delignified poplar wood in the longitudinal
direction (strength [MPa] ± standard deviation).

Compared with complete delignification, partial delignification results in greater struc-
tural integrity, where the removal of non-cellulosic substances completely disrupts cellulose
interactions. It is necessary to control the delignification process to retain sufficient lignin
and hemicelluloses, ensuring that the wood can still withstand loads. Even drying methods
can impact mechanical performance by influencing the cell wall structure, where preserving
new porosities post-treatment may reduce the mechanical strength. There is a trade-off
between porosity and mechanical properties. High porosity results in lower mechanical
strength, whereas lower porosity enhances it. Instead of striving for optimal performance
across all criteria, the focus should be on the possible applications of this pioneering mod-
ified material. For example, if anisotropy is undesirable, cross-fiber composites might
create a more homogeneous material, especially for load-bearing in weaker directions.
Alternatively, designs could prioritize the longitudinal direction for load-bearing, but this
strategy would require considering other properties, such as thermal conductivity and
water absorption, which are also higher in this direction.

Eventually, the wood density and moisture content affected the reliability of this
characterization study. The density of poplar wood decreased significantly after partial
delignification, explaining the reduction in mechanical properties. While parameters such
as specific strength and specific elastic Young’s modulus could be used for more normalized
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comparisons, they are less relevant when comparing the same wood species and thus were
not detailed in this study. The moisture content plays a significant role, as indicated by
previous hygric characterizations. Although the samples were conditioned under the same
environmental conditions, the different interactions of the modified wood with moisture
likely contributed to the observed reduction in mechanical performance.

In general, the mechanical characterization results demonstrated the expected trends,
particularly the significant reduction in compressive properties post-modification due to
partial delignification. These findings align with the literature, which emphasized the
critical role of lignin in maintaining the mechanical integrity of wood.

4. Future Research Directions
Wood is highlighted as an exceptional structural material that not only provides

thermal comfort but also plays a role in reducing atmospheric CO2 levels. The potential
of wood as a sustainable alternative to synthetic thermal insulators is supported by its
carbon storage ability. When the wood dimensions were increased, the laboratory-scale
delignification process was inadequate, resulting in partial delignification that produced a
composite material with a delignified surface and lignified core. This outcome introduced
“gradient-delignified wood”, which balanced the desired thermal insulating properties
with the hygric and mechanical properties, although it still led to significantly increased
moisture uptake and decreased mechanical strength.

This study successfully integrated a wide range of microscopic and macroscopic ex-
perimental techniques to characterize gradient-delignified wood. It was identified as a
promising thermal insulator, but its tendency to defibrillate remains a significant obstacle.
Exploring alternative wood species, such as fir, a low-density softwood, could offer addi-
tional insights. The variability in wood, combined with difficulties in achieving uniform
delignification, introduced uncertainties. The data presented were based on a limited
number of sample repetitions, which may affect the reliability of the findings. The natural
heterogeneity of the wood samples and the small sample masses used in these experiments
could have also reduced the precision of the results.

The thermal properties of insulating materials may vary depending on the manufac-
turing process, moisture content, and environmental conditions. For delignified wood, the
level of delignification was found to affect the specific heat capacity. To explore the use of
delignified wood in various applications, especially in building envelopes that are exposed
to a wide range of temperatures (from −50 ◦C to +50 ◦C), more experimental research is
needed [35]. Research should focus on determining the specific heat capacity of modified
wood with different degrees of delignification. This will help in accurately predicting heat
flux and verifying material performance in different climates. The study also highlighted
the anisotropic nature of the thermal conductivity of wood, which makes it difficult to
define the exact absolute values. Steady-state methods in all three directions for a larger
sample are needed to characterize these properties fully. A proof of concept using larger
samples is needed to draw more representative conclusions.

A significant challenge for gradient-delignified wood for practical applications is its
high susceptibility to moisture, which affects its thermal insulation, shrink–swell properties,
and mold risk. To mitigate these drawbacks, protective strategies such as impregnation
with resins or hydrophobic agents are essential. The delignification process itself facilitates
such impregnation, enabling the creation of new functional composite materials [46]. Alter-
natively, the material can be integrated as the core of sandwich panels, where impermeable
metal sheets provide long-term protection. In addition, the thickness proportion of hetero-
geneous, gradient-delignified wood must be precisely determined to better understand
its mechanical, thermal, and moisture behaviors and to ensure consistent properties. Nev-
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ertheless, challenges remain due to the variability introduced by the experimental setup,
specimen dimensions, and non-optimized treatment protocol.

The material properties reported in this work can serve as material data in simulations
and as experimental benchmarks for validating material models. To characterize wood-
based materials fully, further research is also necessary to study the influence of humidity
and temperature on their mechanical properties. The limited compressive testing did not
provide a complete picture of the mechanical behavior of the wood under other types of
loading, such as tensile or flexural forces. The removal of lignin not only deteriorates the
mechanical properties of wood but also increases the risk of defibrillation among cellulose
fibrils. In addition, modified wood is more susceptible to dimensional changes during the
drying process. These effects may not always be negative. In applications where flexibility
is desired, such modifications could be beneficial.

The development of wood modification nanotechnology presents opportunities in
fields such as photonics (transparent wood), energy storage, fire retardancy, and wa-
ter purification. Nanoporous wood templates, wood aerogels, and wood xerogels offer
eco-friendly alternatives for improving thermal efficiency. However, scaling up deligni-
fication for industrial production remains challenging due to technical, economic, and
efficiency constraints. Industrial collaboration is needed to develop pilot production sys-
tems with large-volume reactors capable of handling the high temperatures and pressures
required while ensuring cost-effectiveness. Future studies can also explore composite-
based solutions, like layering delignified veneers or assembling smaller treated samples,
to overcome large-scale treatment limitations while maintaining material performance
consistency. Strategies to improve feasibility include optimizing process parameters, using
locally sourced or aged wood, and targeting applications where gradient-delignified wood
shows the highest potential.

5. Conclusions
This study demonstrates the potential of gradient-delignified wood as a sustainable

thermal insulation material. By partially delignifying 100 × 100 × 10 mm3 poplar wood
boards, we produced a hybrid structure with delignified white surfaces enclosing a lignified
brown core. This bio-based material preserved load-bearing capacity while improving
thermal performances.

Microscopic observations revealed increased porosity, lumen deformation, and cell
wall swelling at the delignified regions. From a thermal perspective, gradient-delignified
wood presented higher specific heat capacity and thermal diffusivity, reduced transverse
thermal conductivity, and thermal effusivity. Hygroscopic behavior was also altered, with
increased moisture uptake, reduced water vapor diffusion resistance, and accelerated liquid
uptake. Mechanical testing confirmed lower compressive strength compared to native wood,
but the lignified core allowed the gradient-delignified wood to retain structural integrity.

These findings advance the field of wood modification nanotechnology through the
development of a biodegradable, wood-based thermal insulator with properties comparable
to those of synthetic materials. Beyond sustainability, this work valorizes locally abundant
French poplar wood and paves the way for the innovative use of wood in engineering
applications. Particularly in modular construction, gradient-delignified wood shows strong
potential as a core material for sandwich panels, provided that the challenges of industrial
scalability are addressed. This research contributes to the carbon footprint reduction of
construction materials and supports energy-efficient building solutions.
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